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Abstract 
Outcrops in the central and southern Mandawa Basin have been examined and studied in 
detail, with the emphasis on describing facies and facies associations. This has been done to 
provide information about the depositional environment for the Upper Jurassic Mitole 
Formation. The sedimentary field data, together with petrographical (thin section analysis, 
SEM) and mineralogical studies (XRD) have further been combined to outline the diagenetic 
history of the formation.  
The study area is located in the central and southern parts of the Mandawa Basin, which is 
located in the southern coastal part of the United Republic of Tanzania. The evolution and 
stratigraphy of the Mandawa Basin is closely linked to the opening of the Indian Ocean and 
the break-up of the Gondwana continent. The Mitole Formation was deposited from the 
Kimmeridgian (Upper Jurassic) to the Berriasian (Lower Cretaceous). During this time, the 
study area was subsiding at an increased rate, following the successful break-up of the 
Gondwana continent, but it was also a time when the coastline regressed as large amounts of 
clastics was introduced to the basin from paleohighs.    
The Mitole Formation comprises two members, the Lower Mitole Member and the Upper 
Mitole Member. In the central and southern Mandawa Basin the studied profiles which 
represent the Mitole formation display depositional environments within different shallow 
marine settings. The study reveals that variations in the sequence of diagenetic alterations for 
the different profiles are closely linked to the depositional facies and the porosity and 
permeability of the rock at deposition and during burial.  
The Lower Mitole consists of sandy siltstone, interbedded with oolitic limestone and was 
deposited close to or below the fairweather wave base in the lower shoreface to the offshore 
transition. The profile is highly calcite cemented by sparry calcite cement. The calcite cement 
was precipitated early during burial, which have occluded most of the porosity. The Upper 
Mitole Member consists of sandstones deposited in several shallow marine facies. Early 
calcite cementation is common in the shoreface sandstone, while sandstones deposited in a 
foreshore environment experienced mechanical infiltration of clay minerals in an early stage, 
which later transformed and degenerated into authigenic clay coatings consisting of smectite 
and interstratified illite/smectite.   
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1.   Introduction 
This thesis is part of the Mandawa Basin Project (MBP). MBP is a four-year international 
research program (2013 – 2017) organized by the Department of Geosciences at University of 
Oslo (UIO), University of Dar es Salaam (UDSM), Tanzania Petroleum Development 
Corporation (TPDC) and Statoil Tanzania. The project involves employees and students (PhD 
candidates and MSc students) from UIO, UDSM and TPDC. The main goal of the research 
program is to study the relationship between tectonic events and the depositional history of 
the basin to better resolve the sediment distribution and burial history of the basin. 
The aim of this thesis is to give a sedimentological and petrographical description of the 
Upper Jurassic Mitole Formation in the southern and coastal parts of the Mandawa Basin. 
This is done in order to determine the depositional environment and to shed light on the 
diagenetic history of the formation. The results gained through this work are compared to the 
preliminary results from similar studies conducted on outcrops in the northern Mandawa 
Basin in 2013. The comparison is made to assess the lateral changes in depositional 
environments, and also the diagenetic history of the Mitole Formation across the Mandawa 
Basin. 
 
1.1   Study area 
The study area is located in the central and southern parts of the Mandawa Basin (Fig. 1.3 and 
1.4), which is located in the southern coastal part of the United Republic of Tanzania (Fig. 
1.1). Mbede (1991) classifies the Tanzanian coastal belt, from the Kenyan boarder in the north 
to the Mozambiquan border in the south, as a coastal basin. The coastal basin can be further 
divided into sub-basins. The Mandawa Basin is one of these sub-basins, bordered by the 
Rufiji through to the north and the Ruvuma basin to the south, and is separated by the 
Ruvuma Saddle. The coastal basins along the coastal belt of Tanzania are fault bounded to the 
west (Mbede, 1991), against metamorphic basement (Hudson and Nicholas, 2014). 
The study area is located in the UTM zone 37S and all coordinates used in this thesis are 
UTM coordinates.     
 2 
 
 
Figure 1.1: Map showing the location of the Mandawa Basin and other onshore and offshore 
sedimentary basins of Tanzania (Hudson and Nicholas, 2014). The Mandawa Basin can be seen by the 
dotted line. 
 
1.2   Previous studies 
While the Mandawa Basin has been the site for several scientific studies since the early 
1900s, and been explored by oil companies since the 1950s, the basin has not been thoroughly 
explored and there are limited amounts of scientific publications available (Hudson, 2011).   
Early in the 1900s, dinosaur fossils were discovered in the Tendaguru Hills leading to the 
publication of several scientific papers, forming the basis for the early stratigraphy for the 
southern Mandawa Basin (Hudson, 2011).  
British Petroleum (BP) acquired oil exploration concession in the 1950s gathering geological 
and geophysical data. Seven deep wells were drilled, but no commercial discovery was made. 
BP produced the first detailed geological map for the Mandawa Basin. In the 1970s, BP 
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relinquished the basin. From then until 2011, Agip, Shell, Dublin International, and 
TPDC/Dominion Petroleum Limited have explored the Mandawa Basin. The exploration 
conducted by these companies resulted in the acquisition of seismic reflective data and the 
drilling of several new wells. While the drilled wells did not result in the discovery of any 
commercial quantities of hydrocarbons, the wells did prove the existence of shale of source 
rock quality (Hudson, 2011). Most of the studies pertaining to mineral or oil exploration has 
not been published, but remain classified information kept in company archives or internal 
reports (Hudson and Nicholas, 2014).  
Kent et al. (1971) described the stratigraphy and distribution of Mesozoic and Tertiary strata 
along the coast of Tanzania and on the Pemba, Zanzibar and Mafia islands. Their scientific 
study is a synthesis of all the data collected during many years of oil exploration operations 
by BP and Shell International.  
The Tanzania Drilling Project (TDP) (2002-2009) drilled 40 shallow wells in the Mandawa 
and Ruvuma Basins targeting Upper Cretaceous and Paleogene strata with regard to paleo 
environmental studies (Pearson et al. 2004).  
Hudson (2011) mapped and studied the geological evolution of the basin. Data collected 
during geological field surveys, the available geophysical data and correlation of exploration 
wells was used to create a revised and unified stratigraphy (Fig. 1.2) and a revised geological 
map (Fig. 1.3) for the Mandawa Basin. 
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Figure 1.2: Litho- and chronostratigraphical scheme for the Mandawa Basin. The studied Mitole Fm. 
is marked with the red box (modified from Hudson, 2011). 
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Figure 1.3: Geological map of the Mandawa Basin. The Lower Mitole Member and the Upper Mitole 
Member (Mitole Formation) are represented by light orange and orange colour, respectively. The 
study area for the 2014 field season is marked with a yellow box. The white boxes point to the 
localities where the Mitole Formation has been studied during the field work (modified from Hudson, 
2011).  
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Figure 1.4: Map of the study area for the 2013 and 2014 fieldseasons the general outline of the 
Mandawa Basin is marked with the black dotted line. The locations where the Mitole Formation has 
been studied during the fieldwork are marked with individual coloured circles. The Ngoro locality was 
studied by Gundersveen (2014) during the fieldseason 2013. M13-7, WP232, WP252, M12-5 and 
WP286 are localities studied by the author during the 2014 fieldseason. Scale 1:1,370,000. 
Cartography by Stringall, 2013, International Travel Maps, Canada.    
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The Mandawa Basin Project studied several TDP cores and outcrops in the northern Mandawa 
Basin during the 2013 field season. Gundersveen (2014) studied the sedimentology, petrology 
and diagenesis of selected sandstone samples. The results from these studies will be used to 
assess lateral changes of the Mitole Formation across the Mandawa Basin.   
Fieldwork was conducted in the central and southern parts of the Mandawa Basin between the 
22nd of October and 4th of November 2014. Several outcrops were logged and sampled across 
the basin. Logs and samples from key locations were selected and form the basis for this 
thesis. The data obtained during the fieldwork and the samples collected have been studied in 
detail to provide sedimentological and petrological information about the Mitole Formation. 
Figure 1.3 shows a geological map of the Mandawa Basin, in which the area of study during 
the 2014 field season is marked by the yellow box and the Mitole Formation outcrops studied 
are marked by white boxes. Locality M12-5 and WP232 are Lower Mitole Member sites, 
while M13-7, WP252 and WP286 are outcrops of the Upper Mitole Member. These locations 
are also marked in the topographic map in figure 1.4.  
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2.   Geological framework 
2.1   Regional tectonic history 
The East African coastal basin of Tanzania is characterized by an extensional tectonic style. 
From the Late Palaeozoic, to the present, the African margin has been subject to three stages 
of geological development; the Karoo rifting phase, the Gondwana break-up and the 
development of the East African rift system (Mpanda, 1997). The geological evolution of the 
Mandawa Basin is closely linked to the initial position and drift of Madagascar during the 
Gondwana break-up (Fig. 2.1). 
 
Figure 2.1: Pre Middle Jurassic plate reconstruction, showing the relative position of Madagascar 
with respect to Tanzania before the break-up of the Gondwana continent and Early Cretaceous plate 
reconstruction, showing the drift of Madagascar/Antarctica/India away from the east African coast 
(Mpanda, 1997). 
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Within the single Gondwana continent, along the East African margin, extensional rifting 
commenced in the Permian and continued to the Early Jurassic, causing regional uplift. 
During this period large rift systems were formed and linked up to create broad platform 
depressions (Mpanda, 1997, Salman and Abdula, 1995). This rift system eventually failed and 
“jumped” eastwards to present day coastal Tanzania (Nicholas et al., 2007). During the Early 
and Middle Jurassic, East Gondwana including Madagascar, successfully rifted away from the 
eastern African coastline heralding the break-up of the Gondwana continent. In this period the 
paleo-Tethys transgressed from the north forming a narrow embayment between East Africa 
and Madagascar (Salman and Abdula, 1995).  In the Middle Jurassic, plate separation initiated 
as a relative north-south strike-slip movement between East Gondwana (Madagascar, India, 
Antarctica and Australia) and West Gondwana (Africa, Somalia) along the Davie fracture 
zone. The African/Somali plate moved north, while the East Gondwana block stayed in place. 
Seafloor spreading started in the Middle Jurassic (Bosellini, 1992, Gaina et al., 2013) and 
facilitated the breakup.  The Mozambique Basin and the West and North Somali basins are 
the oldest parts of the West Indian Ocean. The seafloor of these basins is of Jurassic and 
Cretaceous age and represents the initial breakup of the Gondwana continent. Based on 
studies of the seafloor in these basins, the age of seafloor spreading has been determined to 
have been initiated 170 Ma in the Middle Jurassic and died out 123 Ma in the Early 
Cretaceous (Fig. 2.2) (Gaina et al., 2013). When the rifting abated and seafloor spreading took 
over, a passive margin developed along the coastal zones of Kenya and Tanzania. In the 
Upper Jurassic the Tethyan transgression extended widely. Seafloor spreading between East 
Africa and Madagascar ceased during the end of the Lower Cretaceous, and the rift system 
again “jumped” eastward. The plate boundary relocated to the east of Madagascar and 
seafloor spreading opened the Mascarene Basin between Madagascar and India (Fig. 2.2) 
(Gaina et al., 2013). During the Miocene the East African Rift System moved south and 
resulted in extensional rifting, creating shallow basins off the coast of Tanzania and 
Mozambique (Nicholas et al., 2007).  
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Figure 2.2: Present day extent of the African plate. Age of oceanic crust and ages of continental 
basement and sedimentary cover (Gaina et al., 2013). The blue colours of the Somali Basins and the 
Mozambique Basin show that the seafloor of these basins are the oldest along the east African 
continental margin and represent the initial break-up of Gondwana. The lightgreen and yellow 
colours of the Mascarene Basin located between Madagascar and India show that during the late 
Lower Cretaceous the seafloor spreading ended between Madagascar and East Africa and moved east 
of Madagascar opening the Mascarene Basin.    
 
2.2   Geological and Stratigraphic development of the Mandawa Basin. 
Hudson (2011) has divided the stratigraphy of the Mandawa Basin into five groups. These 
groups are the Pindiro, Mandawa, Mavuji, Kilwa and the Songo Songo (Fig. 1.2).  
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Seafloor spreading between the African and Madagascar blocks was preceded by earlier 
rifting of the Gondwana continent. This resulted in the creation of several rift basins with 
limited marine influence and the deposition of the Karoo sediments from the Triassic to Early 
Jurassic (Bosellini, 1992). The Karoo rift system formed deep narrow valleys between 
topographic highs and the sedimentary infill of these basins are primarily of terrestrial origin. 
The depositional environments were mainly alluvial, but also lacustrine, coastal-plain deltaic, 
inland sabkhas and eolian dune fields (Bosellini, 1992). In the Mandawa Basin the Karoo 
sediments are named the Pindiro Group, which consists of the Mbuo, Nondwa and Mihambia 
Formations and forms the basal group in the Mandawa Basin overlying the Precambrian 
metamorphic basement (Fig. 1.2) (Hudson, 2011). Mbuo Formation forms the oldest 
sediments in the Mandawa Basin and consists of a clastic basal conglomerate and sandstones 
overlain by claystones (Fig. 2.3). The formation was deposited in alluvial, fluvial and 
lacustrine environments (Hudson, 2011). 
 
 
Figure 2.3: Triassic paleogeography for the deposition of the Mbuo Formation (Hudson and 
Nicholas, 2014).  
 
During the Early Jurassic, East Gondwana successfully rifted away from the eastern African 
coastline and the paleo-Tethys transgressed from the north forming a narrow embayment 
between East Africa and Madagascar. This restricted marine transgression and the formation 
of barrier reefs created saline lagoons; one of these lagoons was the Mandawa Basin (Salman 
and Abdula, 1995). Restricted marine conditions and the formation of hypersaline lakes in the 
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central and southern parts of the Mandawa Basin led to the deposition of the evaporate 
sequences of the Nondwa Formation (Fig. 1.2 and 2.4) (Hudson, 2011). The Mihambia 
Formation (Fig. 1.2) overlies the Nondwa Formation and was deposited as sandy-siltstones 
and sandy-mudstones in a marginal and shallow marine depositional environment. The top of 
the Mihambia Formation also forms the interface to the overlaying Mandwa Group and is 
identified by the change from terrestrial and marginal marine sedimentary environments 
dominated by terrestrial sedimentation to limestone facies (Fig. 1.2) (Hudson, 2011, Hudson 
and Nicholas, 2014). 
 
 
Figure 2.4: Late Triassic to Early Jurassic paleogeography for the deposition of the Nondwa 
Formation (Hudson and Nicholas, 2014). 
 
The period from Middle Jurassic to Early Cretaceous was dominated by seafloor spreading 
following the successful break-up of the Gondwana continent. The seafloor spreading was 
accompanied by a developing marine transgression over the eastern African block (Salman 
and Abdula, 1995). The marine incursion of the Mandawa Basin resulted in the deposition of 
shallow marine limestones, sandstones and shales making up the Mtumbei and Mbaro 
Formations of the Mandawa Group (Fig. 1.2) (Hudson, 2011). During the Upper Jurassic the 
paleocoastline stepped eastward and the basin received high amounts of clastic sediments 
from the paleohighs. This resulted in the deposition of oolitic limestone overlain by 
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prograding fluvio-deltaic sandstones of the Mitole and Kipatimu Formations (Mandawa 
Group) and the Nalwehe Formation (Mavuji Group) (Fig. 1.2 and 2.5) (Hudson, 2011). 
 
 
Figure 2.5: Late Jurassic paleogeography for the deposition of the Mitole Formation (Hudson, 2011). 
 
During the second half of the Lower Cretaceous a new period of transgression caused further 
inundation of the eastern African continent (Salman and Abdula, 1995). This was also a 
period were the basin subsided at an almost constant rate. During this time period the time-
equivalent Makonde, Kiturika and Kihuluhulu Formations were deposited (Fig. 1.2). The 
Makonde Formation was deposited as fluvial and deltaic sandstone in the western parts of the 
basin while the Kiturika Formation was deposited as shallow marine limestone in the central 
part of the Basin. Coastal Mandawa occupied a mid to outer shelf depositional environment 
and the Kihuluhulu Formation was deposited as marine clays (Fig. 2.6) (Hudson, 2011). 
The Kilwa Group comprises the Nangurukuru, Kivinje, Masoko and Pande Formations. The 
group was deposited from Late Cretaceous to the Oligocene (Fig. 1.2) and represents a 
generally homogeneous sedimentary package dominated by outer shelf clays and marls in the 
Mandawa Basin. Late Cretaceous was a period of stabilization following the end of the 
continental drift between Madagascar and Tanzania. The plate boundary relocated to the east 
of Madagascar and strike-slip movement and spreading between Madagascar and India 
opened the Mascarene Basin. During this time period, a widespread transgression developed 
within eastern Africa caused by increased subsidence of the developed passive margin in 
southern coastal Tanzania (Nicholas et al. 2006, Salman and Abdula, 1995). 
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Figure 2.6: Early Cretaceous paleogeography for the deposition of the time-equivalent Makonde, 
Kiturika and Kihuluhulu Formations. 
 
The period from the Oligocene to present was a period of the final marine regression and 
represents a quiet period with regards to extensional tectonics and drift between Tanzania and 
Madagascar. The Songo Songo Group comprises all sediments overlaying the Kilwa Group 
and comprises mostly minor deposits of reworked sediments deposited in valleys and 
floodplains (Hudson, 2011).  
 
2.3   The Mitole Formation 
The time from the Middle Jurassic to the Lower Cretaceous was dominated by active seafloor 
spreading in the study area following the successful breakup of Gondwana. In the Middle 
Jurassic, plate separation initiated as a relative north-south strike-slip movement between East 
Gondwana (Madagascar, India, Antarctica and Australia) and West Gondwana (Africa, 
Somalia) along the Davie fracture zone (Salman and Abdula, 1995). As seafloor spreading 
took over for the earlier rifting phases a passive margin developed along the coastal zones of 
Kenya and Tanzania during Middle Jurassic times, the Tethyan transgression extended widely 
(Nicholas et al., 2007). The transgression resulted in the introduction of marine conditions in 
the Mandawa Basin and the deposition of the shallow marine and shoreface deposits of the 
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Mtumbei Formation (Mandawa Gp.) (Fig. 1.2 and 2.7). During Late Jurassic to the Early 
Cretaceous the Mandawa Basin was subsiding at a higher rate and at the same time the paleo-
coastline stepped eastward. Marine limestone was deposited in the central part of the 
Mandawa Basin and the basin received large amounts of clastics from paleohighs. This led to 
the deposition of the marine limestone and the overlying prograding sandstones of the Mitole 
(Mandawa Gp.) and Nalwehe Formations (Mavuji Gp.) (Fig. 1.2 and 2.7) (Hudson, 2011). 
     
 
Figure 2.7: Generalized lithostratigraphical column for the Mtumbei, Mitole and the Nalwehe 
Formations deposited between the Middle Jurassic (Callovian) to the Lower Cretaceous (Barremian) 
(Based on the stratigraphy by Hudson, 2011). 
 
The Upper Jurassic Mitole Formation was deposited from Middle Kimmeridgian to the 
Berriasian. The formation has been divided into two members: The Lower Mitole Member 
(Kimmeridgian to Tithonian), also called the Mitole limestone, consists of hard non-porous 
limestone beds. The member contains well-developed ooids that varies greatly in abundance 
through the member. The member also changes from grain supported to matrix supported 
(Fig. 1.2 and 2.7). The depositional environment for the Lower Mitole Member has been 
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interpreted to be agitated shallow marine environment (Hudson, 2011). The Upper Mitole 
Member (Tithonian to Berriasian), also called the Mitole sandstone, consists of sandstone and 
clay cemented sandstone. In the southern part of the basin, the upper member contains shell 
fragments and shows marine influence while further north in the basin the upper member 
show less marine influence, no marine fossils, and is more proximal to the source (Fig. 1.2 
and 2.7). The depositional environment for the Upper Mitole Member has been interpreted to 
represent a regressive phase and the progradation of fluvial and alluvial sandstones (Hudson, 
2011).  
The Nalwehe Formation was deposited over the Mitole Formation from the Valanginian to 
Barremian, and like the Mitole Formations consist of a lower oolitic limestone member and an 
upper sandstone member (Fig. 2.7). The Lower Nalwehe Member have been interpreted to 
represent sediments deposited in a shallow marine agitated environment, while the Upper 
Nalwehe Member have been interpreted to represent sandstones deposited in fluvial, deltaic 
and shallow marine environments (Hudson, 2011).   
The Mitole and Nalwehe Formations appear to be very similar; both have a lower member 
consisting of oolitic limestone and an upper member consisting of sandstones (Fig. 2.7). Both 
formations comprises upward shallowing facies indicating regression and it is difficult to 
distinguish the Mitole and the Nalwehe Formations in the field (Hudson, 2011). 
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3.   Methods 
3.1   Fieldwork and sedimentary logging 
Fieldwork was conducted for 14 days between the 22nd of October 2014 and the 4th of 
November 2014 in the central and southern parts of the Mandawa Basin (Fig 1.3).      
The fieldwork was conducted in collaboration between the author, PhD candidate from the 
University of Oslo, Katrine Fossum, MSc student from the University of Oslo, Guanqun Hou 
and Alexandra Cournot, from Statoil Oslo, under the supervision of Professor Henning 
Dypvik.  
The Lower Mitole Member (Mitole Formation) was visited at two locations named M12-5 
and WP232 (Fig. 1.3 and 1.4). Samples were collected at both locations and named by the 
locality name followed by the sample number and year of collection. Four sections were 
logged at locality WP232 using a standard logging sheet in the scale 1:20. The Upper Mitole 
Member was visited at three locations named M13-7, WP286 and WP252 (Fig. 1.3 and 1.4). 
Samples were collected at all three locations and sedimentary logging was conducted at M13-
7 and WP286, using a standard logging sheet in the scale 1:20 and 1:50 respectively. 
In this study, the Wentworth grain-size scale for sediments was used (Table 3.1). 
 
Table 3.1: The Wentworth grain size scale for sediments (Wentworth, 1922), with corresponding phi 
units for the size classes. 
Wentworth size class Millimetres Phi (φ) Units 
Boulder > 256 mm - 8 
Cobble 65 – 256 mm - 6 
Pebble 4 – 64 mm - 4 
Granule 2 – 4 mm - 2 
Very coarse sand 1 – 2 mm - 1 
Coarse sand 0.5 – 1 mm 0 
Medium sand 0.25 – 0.5 mm 1 
Fine sand 0.125 – 0.25 mm 2 
Very fine sand 0.063 – 0.125 mm 3 
Silt 0.004 – 0.063 mm 4 
Clay < 0.004 mm 8 
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Limestone was classified by grain composition and the presence of matrix and/or cement by 
the classifications proposed by Folk (1959) (Fig. 3.1) and when applicable the classification 
proposed by Embry and Klovan (1972) (Fig 3.2), modified from Dunham (1962). Sandstone 
was classified by its grain composition and the amount of matrix following the classification 
proposed by Miall (2003) (Fig. 3.3), modified from Dott (1964). In this thesis, limestone is 
defined as rock where allochemical and orthochemical constituents make up more than 50 % 
of the total mineral volume present in the sample, from Folk (1959). 
 
 
Figure 3.1: Limestone classification from Folk (1962). 
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Figure 3.2: Classification of limestone according to depositional texture from Embry and Klovan 
(1972) modified from Dunham (1962). 
 
Figure 3.3: Classification of sandstone based on grain composition and matrix from Miall (2003) 
modified from Dott (1964). 
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3.2   Digitization of sedimentary logs 
Sedimentary logs were digitized by the author, with the assistance of Katrine Fossum, using 
the software Adobe Illustrator. Figure 3.4 shows the digitized sedimentary log from locality 
M13-7 with legend. The legend is used for all sedimentary logs (Fig. 3.4). 
   
 
Figure 3.4: Sedimentary log from locality M13-7 with legend. 
 
3.3   Lithofacies description and facies associations 
Field observations, sedimentary logs and photos from the localities together with thin section 
studies were used to define lithofacies in the Mitole Formation. The lithofacies are described 
based on the lithology, texture and sedimentary structures. Genetically related lithofacies were 
grouped together in facies associations. Each of the facies associations reflects a specific 
depositional environment. The outcrops were logged in detail on standard logging sheets on 
the scales 1:20 or 1:50. All the samples studied in this thesis represent surface samples from 
highly weathered outcrops. During sample collection less weathered samples was sought after 
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by digging into the surface of the outcrops, but the collected samples are strongly influenced 
by alterations in connection with recent surface weathering. 
   
3.4   Mineralogical and petrographical analysis 
The rock samples gathered during the fieldwork were divided into material for thin section 
preparation and XRD analysis and at least half of each of the collected samples were stored at 
the Department of Geosciences at the University of Oslo for future work. Mineralogical and 
petrographic studies were conducted by X-ray diffraction analysis (XRD) of bulk rock 
samples. Petrographic studies by optical microscope and scanning electron microscope 
(SEM). 
  
3.4.1   X-ray diffraction analysis of bulk samples 
Mineralogical composition of key samples was determined using X-ray diffraction (XRD) 
(Table 3.2). The minerals present were quantified using Profex (see below). XRD is 
especially useful when studying the clay fraction of the samples as the clay cannot be 
determined by optical microscope studies. The analysis was conducted at the Department of 
Geosciences at the University of Oslo. The complete results of the XRD analysis are available 
in appendix A. 
Bulk rock samples for XRD were first crushed using a sling-mill, then micronized in a 
McCrone Micronizer. The sling-mill crushes the rocks and reduces the diameter of the 
individual particles down to less than 500 μm. The mill was carefully cleaned with ethanol 
between the crushing of different samples. The micronizer crushes the rock further, down to 
an average particle size of 10 μm, using agate abrasives. Approximately 3.25 grams of rock 
powder together with 8 millilitres ethanol was micronized for 12 minutes. The micronizer was 
carefully cleaned and pre contaminated between samples.  
The samples where further loaded into sample holders to be run through the X-ray 
diffractometer. The Bruker D8 Advance Diffractometer equipped with a Lynxeye linear PSD 
detector was used for the data acquisition. The diffractometer uses a Ni-filtered Cu Kα 
radiation source and was operated at 40 kV and 40 mA. The analysis was conducted by Senior 
Engineer, Dr. Maarten Aerts. 
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Table 3.2: Samples selected for XRD analysis. 
Lower Mitole Member 
 
Upper Mitole Member 
Sample Location   Sample Location 
WP232-2-14 
WP232 
  M13-7-1-14 
M13-7 
WP232-3-14   M13-7-2-14 
WP232-4-14   M13-7-3-14 
WP232-5-14   M13-7-4-14 
WP232-6-14   UM-1-14 
WP232-7-14   UM-2-14 
WP232-8-14   WP286-1-14 WP286 
M12-5-1-14 M12-5   WP286-3-14 
 
For the X-ray diffraction to occur, the wavelength needs to be about the same as the distance 
between scattering centres. The spacing of atoms arranged in a crystal is in the same order as 
the wavelength of X-ray radiation, facilitating the creation of diffraction patterns. This pattern 
is modified by how the atoms are arranged in the crystal unit cell. The d-value is a measure of 
the spacing between planes of atoms in a crystal lattice and the value is measured in 
Angstrom (Å). Braggs law, (2 ݀ sin ߠ = ݊ ߣ ), explains how the angle of the incident wave 
(2θ) and the constructive or destructive interference for different values of d will create 
specific diffraction behaviour for the minerals present in the sample (Moore and Raynolds, 
1997).    
The analytical software package DIFFRAC.EVA from Bruker with the PDF 2.0 database was 
used to identify all phases present in the diffractograms. Manual identification of minerals 
based on the different mineral peaks together with the search function of the software was 
used until all phases were identified and all peak intensities had been accounted for. Manual 
identification of mineral peaks was based on the d-values given by Moore and Reynolds 
(1997) (Table 3.3). 
Table 3.3: Lists the d-values that were used for mineral identification from Moore and Raynolds 
(1997). 
Mineral d-value (Å) Mineral d-value (Å) 
Quartz 4.27 (3.34) Smectite ≈ 14.00 
Calcite 3.04 Illite/Mica ≈ 10 
Albite 3.19 Kaolinite 7.20 
Microcline 3.24 Mixed layer clay 11.00 - 14.60 
Orthoclase 3.31 
 
 25 
 
Identification was done by comparing the expected peaks for a given mineral with the peaks 
observed in the diffractogram. All peaks of the minerals were expected to fit the difractogram 
to make a positive identification.  
Quantitative analysis of the minerals was conducted using the Profex software. Profex uses 
the Rietveld method to generate a full range synthetic diffractogram based on structure files 
for different phases. Structure files were added for all minerals identified in the 
DIFFRAC.EVA software. Profex also adjusts certain parameters inside defined limits to get a 
better fit between the diffractogram and synthetic trace. Profex refines the fit based on 
preferential orientation, unit cell parameters, chemical substitutions and disorder in the clay 
fraction. The misfit is then calculated between the diffractogram and the synthetic trace as a 
quality control for the quantitative analysis. Final assessment of the fit between the synthetic 
trace and the diffractogram is based on visual observation (Döbelin, 2015). 
The quantitative analysis of clay bearing minerals generally contains uncertainties that are not 
encountered in the analysis of non-clay minerals or synthetic materials with well defined 
structures. Mixed layering and stacking disorders in the most frequently observed clay 
minerals make positive identification and the quantification of the phases difficult (Omotoso 
et al., 2006). Omotoso et al. (2006) discuss that quantification of phases by established XRD 
methods can be applied successfully to mineral analysis, as long as the minerals are accurately 
identified. Even when every care is taken during the collection of XRD data and the following 
quantitative analysis, bias will affect the results. It is important to remember that the 
quantified results will represent approximately values when compared to the true mineral 
composition. For a quantitative XRD analysis the average bias summarized over all phases 
must be expected to be at least 11.3 percent and very probably an even higher value (Omotoso 
et al., 2006).    
  
3.4.2   Thin section 
Thin sections were prepared from selected key samples by Lars Kirksæther at Petrological 
Section Services (PETRO-Sec) (Table 3.4). The rock samples were impregnated with blue 
stained epoxy to display porosity and glued to glass slides. The slides were then polished 
down to a thickness of 30 μm. 
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Table 3.4: Samples selected for thin section analysis. 
Lower Mitole Member   
 
Upper Mitole Member 
Sample Location    Sample Location 
WP232-1-14 
WP232 
   M13-7-1-14 
M13-7 
WP232-2-14    M13-7-2-14 
WP232-3-14    M13-7-3-14 
WP232-4-14    M13-7-4-14 
WP232-6-14    UM-1-14 
WP232-7-14    UM-2-14 
WP232-8-14    WP286-1-14 WP286 
M12-5-1-14 M12-5    WP286-3-14 
 
 
3.4.3   Thin section analysis and point counting 
A Nikon petrographic microscope (Nikon Labohot-Pol) was used to give information on the 
texture and the mineral relations in the thin sections. Notes were taken on the minerals 
present, matrix, cementation, porosity, permeability, grain size and grain size distribution, 
roundness of grains, structures, organic material and fossils. Grain contacts, grade of 
compaction, grain coating, cement, overgrowth on mineral grains and preservation of grains 
were also studied to give information about the digenetic relations of the rock samples. 
Petrographic description and summary for the samples are available in appendix D.  
Classification and determination of the degree of sorting observed in the samples were done 
by the terminology and the degree of sorting scheme made by Compton (1962) (Fig. 3.5). 
 
Figure 3.5: The terminology and degree of sorting proposed by Compton (1962). 
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Determination of the degree of rounding observed in the samples were done by the 
terminology and the roundness scale made by Powers (1953) (Fig. 3.6). 
 
Figure 3.6: Roundness scale for sedimentary particles and terminology proposed by Powers (1953) 
 
Point counting has been conducted on key thin sections using a Swift Model F point counter 
mounted on the petrographic microscope. For each of the studied thin sections 400 points 
were counted. The analysis forms the statistical basis for assessing the mineral composition as 
well as porosity of the sampled rock. The porosity was divided into primary and secondary 
porosity when possible. Observed quartz grains were divided into monocrystalline and 
polycrystalline grains. The quartz grains were also categorized on their extinction behaviour, 
undulatory or straight extinction. Feldspar grains were divided into minerals of the plagioclase 
series and the k-feldspar series when possible. All feldspar grains were also classified based 
on grain preservation and divided into five categories (Fig. 3.7);  
Category 1 represents fresh feldspar grains that show very little signs of weathering. Category 
2 represents grains that show some signs of weathering, but twinning is fully preserved. 
Category 3 represents grain that has a rough surface that shows etching. Twins start to look 
blurry. Category 4 represents grain that has a very rough and strongly etched surface, where 
the twins are hard to observe. Category 5 represents grain with extensive dissolution where 
only parts of the grain remain and twins are no longer observable (Fig. 3.7). Further notes 
were taken on lithic fragments, fossils, isotropic and opaque heavy minerals, overgrowth on 
mineral grains, cement, Fe-oxides, ooids and ooid nuclei. The complete results of the point 
counting analysis are available in appendix B and C.  
 28 
 
 
Figure 3.7: Thin-section photomicrograph of sample M13-7-4-14 showing the different categories of 
grain preservation for plagioclase grains. The same scale of categories was used for categorisation of 
the preservation for k-feldspar grains. Pictures 1-5 represent category 1-5. The upper row of pictures 
are thin-section photomicrograph in cross polarized light, while the bottom row represents the same 
grain and angle in plane polarized light. 
     
3.4.4   SEM analysis of thin section 
Selected thin sections were chosen for further analyses in a scanning electron microscope 
(SEM). The scanning electron microscope was used to study elemental composition of the 
detrital grains, matrix and cement to make precise mineral identification. The SEM was also 
used to detect authigenic minerals present in the samples as well as surface structures of 
individual grains. Backscatter electron image (BEI) was used when analysing thin sections. 
SEM analysis was conducted on a JEOL JSM-6460LV Scanning Electron Microscope, with a 
LINK INCA Energy 300 (EDS) at the Department of Geosciences at the University of Oslo 
by the author, and was supervised by Senior Engineer Berit Løken Berg. The SEM uses a 
standard wolfram filament that is run at 15 kV. SEM Petrology atlas by Welton (1984) and 
Electron Microprobe Analysis and Scanning Electron Microscopy in Geology, 2nd edition by 
Reed (2010) were used to identify minerals based on the elemental composition. 
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4   Results 
4.1   Locality WP232 
4.1.1   Locality description WP232 the Lower Mitole Member 
Locality WP232 (Fig. 4.1 and 2.7) is located just north of the village of Mandawa, along the 
main road between Kilwa and Lindi at UTM coordinates 054 7963, 896 4337 (Fig. 1.3 and 
1.4). The outcrop is located on the eastern flank of the Mandawa dome. Four sections were 
logged along the outcrop using standard logging sheet in the scale of 1:20 (Fig. 4.2). The 
formation thickness on the outcrop is approximately 5 metres. Section 1 lies stratigraphically 
beneath section 2. Stratigraphy of unknown thickness is missing between section 1 and 2 and 
is covered by sediments and vegetation. Section 2 is located approximately 40 metres north of 
section 1. Section 3 and 4 were logged at the same stratigraphic level as section 2, 
approximately 6 and 50 metres further north along the outcrop. 
 
Figure 4.1: The outcrop at locality WP232 shows alternating beds of light oolitic limestone and fine-
grained, calcite cemented siltstone. The siltstone is covered with dark fungi and appears dark on the 
outcrop. 
The sections mainly consist of oolitic limestone and calcite cemented siltstone (Fig. 4.2). The 
amount of ooids present in the different beds varies greatly and the distribution of the ooids in 
the individual beds is not uniform. The section alternates between grain supported and matrix 
supported rock. The interface towards the underlying and overlaying formation is not 
observable at the location. 
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Figure 4.2: Sedimentary logs from the Lower Mitole Member (Mitole Fm.) at locality WP232. 
Identified lithofacies; A, B and C. Facies association FA1 and samples are noted in the logs. 
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4.1.2   Lithofacies description and facies associations 
Three lithofacies (Table 4.1) were identified, and is grouped into one facies association named FA1.  
 
Table 4.1: Lithofacies description for locality WP232. 
Facies Lithofacies Grain size Physical appearance Sample 
A Sandy siltstone Silt 
Structureless. Light grey matrix. 
Contains ooids and bioclasts. 
Matrix supported. Clay minerals. 
Fe-oxide staining. 
WP232-3-14, 
WP232-5-14, 
WP232-7-14 
B Silty oolitic limestone 
Coarse to 
very coarse 
Grain supported, Sparry calcite 
cement, Abundant bioclasts, Up 
to 30% silt. Erosional base. 
Often upwards fining sequences. 
WP232-1-14, 
WP232-4-14, 
WP232-6-14, 
WP232-8-14 
C 
Hummocky 
cross-stratified 
oolitic limestone 
Coarse to 
very coarse 
Hummocky cross-stratified. 
Grain supported. Upwards 
fining. Erosional base. Clay rip-
up clasts. 
WP232-2-14 
 
A) Sandy siltstone (Figs. 4.2 and 4.3) (Table 4.1): occurs in all four sections and varies 
in thickness between 16 and 60 centimetres. The rock is a light grey siltstone, with a 
clay matrix. The sandy siltstone contains up to 15 % ooids and bioclasts in the sand 
fraction that are randomly distributed in the beds. No grading and no sedimentary 
structures have been observed. The rock is poorly sorted and contains up to 25 percent 
clay. The ooids present in the facies has an average grain size of coarse sand. The rock 
is matrix-supported, calcite cemented and highly friable. 
 
B) Silty oolitic limestone (Figs. 4.2 and 4.4) (Table 4.1): most common facies in the 
profile occurring in all four sections (Fig. 4.2), characterized by a high content of 
ooids (50-75 percent) and shell fragments. The ooids have diameters between 0.5 and 
2 millimetres. The rock is moderately to poorly sorted and contains between 20 and 30 
percent silt. The lower boundary is mostly erosional. Sparry calcite cement fills most 
of the primary porosity. Very coarse-grained angular quartz and feldspar grains are 
identified, but account for only a few percent of the bulk rock. 
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Figure 4.3: Calcite cemented, friable sandy siltstone described as lithofacies A – sandy siltstone 
interbedded with light gray, thin oolitic limestone beds of lithofacies B. The siltstone is covered with 
black fungi on the outcrop. 
 
Figure 4.4: Calcite cemented oolitic limestone identified as lithofacies B – silty oolitic limestone. 
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C) Hummocky cross-stratified oolitic limestone (Figs. 4.2 and 4.5) (Table 4.1): found 
in a 102 centimetres thick unit in Log 2 section (Fig. 4.2). The facies is grain 
supported and the main constituent is ooid graines with an average grain size of very 
coarse sand. The rock is moderately sorted and contains up to 35 percent silt. The unit 
is upwards fining and shows hummocky cross stratification. The lower boundary of 
the unit is erosional and the unit contains clay rip up clasts in the lower 20 centimetres. 
Coarse grained shell fragments are abundant through the unit and are most abundant in 
the lower 20 centimetres, but other fossils are sparse. The unit is calcite cemented.  
 
Figure 4.5: Cross-stratified, fining upwards oolitic limestone representing lithofacies C – hummocky 
cross-stratified oolitic limestone in the Log 2 profile. 
Facies association FA1 comprises; lithofacies A - Sandy siltstone, lithofacies B – Silty 
oolitic limestone and lithofacies C – Hummocky cross-stratified oolitic limestone. 
Total added thickness of section 1 and 2 is 420 centimetres. Section 1 lies stratigraphically 
beneath section 2, while section 3 and 4 represents the same stratigraphic level as section 2 
(Fig 4.2). Units consisting of sandy siltone of lithofacies A interbedded with oolitic limestone 
of lithofacies B and C dominate the association. The limestone beds of facies B and C show 
upwards thickening and the section is slightly upwards coarsening. The limestone unit 
between 0.95 and 2 metres, in section 2 show hummocky cross-stratification and clay rip-up 
clasts. The oolitic limestone beds are wedgeshaped and thinning along the outcrop towards 
the northeast where the profile is more silt dominated, indicating transport direction towards 
the northeast.  
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4.1.3   Mineralogical description 
X-ray diffraction analysis was performed on seven bulk rock samples from locality WP232 to 
determine the mineral composition of the Lower Mitole Member (Fig. 4.6). The complete 
results of the XRD analysis can be found in appendix A. 
 
 
Figure 4.6: Bulk mineralogical composition determined by XRD analysis of WP232 samples.  
 
 
Figure 4.7: The quartz to feldspar ratio determined by XRD analysis for bulk rock samples from 
locality WP232.  
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Sandy siltstone, lithofacies A, is represented by samples number WP232-3-14, WP232-5-14 
and WP232-7-14 (Fig. 4.6). The main constituent in the three samples are quartz with 
amounts up to 39.8 percent and an average of 35 percent. The feldspars constitutes up to 31 
percent and an average of 22.7 percent (13.5 percent plagioclase and 9.2 percent k-feldspar). 
Calcite constitutes up to 32.7 percent and an average of 21.9 percent of the bulk samples. 
Smectite and interstratified illite/smectite (I/S) make up the clay minerals which are present in 
all samples, the smectite content is up to 25 percent (average of 18.5 percent). I/S in small 
amounts (up to 3 percent) are present in all samples except sample WP232-3-14. The samples 
representing the sandy siltstone lithofacies has a quartz feldspar ratio between 1.25 and 1.82, 
with an average of 1.6 (Fig. 4.7) 
Silty oolitic limestone, lithofacies B, is represented by sample number WP232-4-14, WP232-
6-14 and WP232-8-14 from locality WP232. The samples belonging to this facies is 
characterized by a high content of calcite (average 76 percent) and a lack of clay minerals 
(Fig. 4.6). Quartz constitutes on average 11.6 percent, plagioclase feldspars 7.6 percent and k-
feldspar 4.7 percent of the bulk rock samples. The samples representing the silty oolitic 
limestone facies has a quartz feldspar ratio between 0.78 and 1.06, with an average of 0.96 
(Fig. 4.7).  
Hummocky cross-stratified oolitic limestone, lithofacies C, is represented by sample 
number WP232-2-14 from locality WP232. While the sample collected from facies C show a 
mineral composition very similar to facies B, the sample contain 2.4 percent interstratified 
illite/smectite (I/S) that is not present in facies B. The sample also shows lower amounts of 
both plagioclase and k-feldspar (Fig 4.6). Calcite constitutes 65 percent of the bulk rock 
sample while quartz makes up 22.7 percent, plagioclase feldspars 6.5 percent and k-feldspar 
3.2 percent. The sample representing the hummocky cross-stratified oolitic limestone has a 
quartz feldspar ratio of 2.36 (Fig. 4.7). 
4.1.4   Thin section and petrographic description 
Seven thin sections from locality WP232 have been studied under optical microscope 
(Appendix D). The samples comprise both coarse-grained grain supported samples (Fig. 4.8 
A), and fine-grained matrix supported samples (Fig. 4.8 B). The grain supported samples 
represents lithofacies B – silty oolitic limestone and lithofacies C – hummocky cross-stratified 
limestone. Based on point counting the rock mostly classifies as bio-oo-sparite, but samples 
WP232-6-14 and WP232-8-14 classifies as biosparite (Fig. 4.9 C) (Appendix B). Both 
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samples are sampled further north along the outcrop at the Log 4 profile, in a more distal 
position compared to the thick oolitic limestone beds observed in the Log 2 profile (Fig. 4.2). 
The framework grains are mostly made up of ooids, shell fragments and fossils with a grain 
size of coarse to very coarse sand. There are also appreciable amounts of quartz and feldspar 
grains, with a grain size of silt, but siliciclastic grains in the sand fraction are also observed. 
Sparry calcite cement fills the intergranular porosity and glues the grains together (Fig. 4.9 A 
and C). Primary porosity is low in the samples. The rock is moderately to well sorted, and 
contains very little to no clay. The ooids are poorly sorted and ranges from 0.5 to 2 
millimetres in diameter and have micrite cortices that show concentric laminae. Most of the 
ooids are spheroidal, common ooids, but a few are complex ooids. Nuclei are most often 
made up detrital calcite and siliciclastic grains in the coarse sand fraction, but fossils, rock 
fragments of lithified siltstone are also observed. The ooids are well preserved and show little 
etching or dissolution. Ooid shape and laminae show no deformation caused by compaction. 
Grain contacts between siliciclastic grains are almost exclusively tangential.   
The matrix supported samples WP232-3-14, WP232-5-14 and WP232-7-14 represents 
lithofacies A – sandy siltstone. The rock mainly consist of quartz and feldspar grains in the 
silt fraction. The samples are poorly sorted and contains between 10 – 30 percent of detrital 
clay minerals. Ooids and fossils with grain sizes up to very coarse sand is also present in the 
samples and constitutes up to 15 percent of the rock. The rock would therefore classify as 
sandy siltstone (Fig. 4.8 B). The ooids present in the samples of lithofacies A have the same 
grain size and morphology as those observed in lithofacies B and C, but show a different 
grade of preservation. The ooids show etching of the cortices and the formation of secondary 
porosity. The etching is present both internally along individual lamina of the cortex and on 
the surface of the ooid. Pore filling and grain coating Fe-oxide is common on the ooids. Fe-
oxide staining is also observed on the clay matrix (Fig 4.9 B and D). 
Figure 4.9: A) Thin-section photomicrograph of sample WP232-4-14 showing sparry calcite cemented 
oolitic limestone. B) Thin-section photomicrograph of samples WP232-3-14 showing poorly 
preserved, Fe-oxide coated ooids in sandy siltstone. The Fe-oxides are also pore filling in the 
intergranular porosity between silt grains. C) Thin-section photomicrograph in cross polarized light 
of sample WP232-6-14 showing bio-oo-sparite. Sampled in a more distal position in the Log 4 section. 
Fossils and shell fragments make up a larger fraction of the coarse framework grains and the amounts 
of ooids are reduced. D) Thin-section photomicrograph of sample WP232-3-14 showing sandy 
siltstone with clay matrix. 
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Figure 4.8: A) Scanned thin section of sample WP232-4-14 showing well preserved ooids, consisting 
of micrite, fossils and siliciclastic grains making up the framework grains of the sparry calcite 
cemented limestone. B) Scanned thin section of sample WP232-3-14 showing etched ooids and 
siliciclastic silt grains floating in a mud matrix. 
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Figure 4.10: A) Backscatter SEM image showing detrital smectite (S) enveloped in sparry calcite 
cement. The sparry calcite mostly occlude the primary porosity. B) Backscatter SEM image showing 
biogenic structures in microsparry calcite cement. C) Backscatter SEM image showing pore filling I/S 
(I/S) and smectite (S) showing both dense detrital and a more open authigenic honeycomb structure. 
The clay has abundant admixed detrital grains.  D) Backscatter SEM image showing concentric 
lamina building up the cortex around a rounded detrital calcite grain (A).     
 
The SEM analysis revealed that the ooids present in the samples consist of randomly oriented 
micrite crystals forming concentric lamina. Some of the lamina show a darker colour than the 
rest of the calcite making up the cortices during the SEM analysis. Dispercive energy spectra 
of these lamina show a higher amount of Fe (Fig. 4.10 D). Sparry calcite is the dominant 
diagenetic cement and fills most of the intergranular porosity, severely reducing the primary 
porosity of the samples. In sample WP232-3-14 microsparry calcite cement with a crystal 
diameter between 1 and 15 micrometres was observed. The microspar also carries biogenic 
structures with a diameter of 10 micrometres, which are mostly horizontal in the sample, but 
vertical structures are also observed (Fig. 4.10 B). Pore filling detrital smectite with abundant 
admixed detritus was observed in variable amounts in most of the samples (Fig. 4.10 C). The 
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detrital grains in the clay facies mostly have the grain size of fine silt and are rich in feldspar, 
but quartz and calcite grains are also present. Authigenic I/S and smectite with more open 
honeycomb morphology are also observed in limited volumes of the rock (Fig. 4.10 C). Along 
the periphery of the larger sparry calite crystals, the growing calcite cement has enveloped 
clay clasts (Fig. 4.10 A). Feldspar, especially in the calcite cement are generally well 
preserved and show little signs of weathering. 
 
4.2   Locality M12-5 
4.2.1   Observations at locality M12-5 the Lower Mitole Member 
Locality M12-5 is located along the road between the villages of Kiranjeranje and Pindiro at 
UTM coordinates 0544147, 8947715 (Fig 1.3 and 1.4). The outcrop is only exposed as 
bedding planes on the forest floor. Features of the outcrop were noted and samples collected, 
but no sedimentary log was created, as the observable formation thickness at the locality was 
only a few centimetres. 
 
4.2.2   Mineralogical and petrographic description 
The rock cropping out at the M12-5 locality is a sparry calcite cemented grain supported 
oolitic limestone, which classifies as a bio-oo-sparite. Small amount of siliciclastic grains in 
the silt fraction fill parts of the intra granular volumes between ooids. Ooids and broken shell 
fragments makes up the framework grains of the rock. The ooids are off white to light pinkish 
in colour. Laterally the ooids are evenly distributed. No sedimentary structures were observed. 
The bed was massive and no apparent grading is observed. The ooids are concentric and 
ranges in size from medium to very coarse sand. Nuclei consist of quartz, feldspar, shell 
fragments, fossils and lithic fragments of cemented siltstone. 
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4.3   Locality M13-7 
4.3.1   Locality description M13-7 the Upper Mitole Member  
Locality M13-7 is located north of the village of Mitole at UTM coordinates 0543668, 
8976759 (Fig. 1.3 and 1.4). The outcrop faces south south-east and is exposed on the western 
side of the main road between Kilwa and Lindi. The outcrop was logged using a standard 
logging sheet in the scale of 1:20 and the formation thickness on the outcrop is 2.6 metres 
(Fig. 4.12). 
 
 
Figure 4.11: The outcrop at locality M13-7 shows low angle cross-stratified beds in light yellow 
sandstone. 
 
The section logged at M13-7 mainly consists of low angle, cross-laminated, coarse to very 
coarse-grained sandstones and belongs to the Upper Mitole Member of the Mitole Formation 
(Fig. 4.11). Three different lithofacies and one facies association have been identified at the 
location. 
 41 
 
 
Figure 4.12: Sedimentary log from the Upper Mitole Member of the Mitole Fm. at locality M13-7. 
Identified lithofacies; D, E and F. Facies association FA2 and samples are noted in the log. 
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4.3.2   Lithofacies description and facies associations 
Three lithofacies (Table 4.2) were identified, and are grouped into one facies association named FA2.  
 
Table 4.2: Lithofacies description for locality M13-7. 
Facies Lithofacies Grain size Physical appearance Sample 
D 
Low angle 
cross-
laminated 
sst. 
Medium to 
very coarse 
Low angle cross-laminated. 
Moderately to well sorted. Bioclasts 
of broken shell. Small amount of 
rounded pebbles. 
M13-7-1-14, 
M13-7-3-14, 
E 
Clay bearing 
sandstone 
Medium to 
very coarse 
Mostly structureless. Highly 
weathered. Clay matrix, Moderately 
sorted. Sand stringers 
M13-7-4-14, 
UM-1, UM-2 
F 
Cross-
stratified 
sandstone 
Coarse 
Through cross-stratification, poorly 
sorted, M13-7-2-14 
 
D) Low angle cross-laminated sandstone (Figs. 4.12 and 4.13 A) (Table 4.2): this facies 
is present in three units in the logged section. The sandstone is dominated by low 
angle cross lamination, with a dip of less than 10º, and shows no grading or slight 
upward coarsening. Strike and dip of the cross-laminations show that the sediment 
transport direction towards the east. The facies consist of fine to very coarse, 
moderately well to well sorted, light yellow sandstone. The grains are mostly sub-
angular. Bioclasts, mainly broken and partly rounded shell fragments, are present in 
the sandstone. The facies contain small amounts of very well rounded quartz pebbles 
up to eight millimetres in diameter. The pebbles account for only a few percent of the 
bulk rock and are randomly distributed. Trace fossils are observed as sandfilled, 
vertical burrows, but the structures are scattered and not very distinct. The trace fossils 
are identified as Skolithos and Diplocraterion.   
 
E) Clay bearing sandstone (Figs. 4.12 and 4.13 A) (Table 4.2): this facies is mainly 
present in three units in the logged section. The dark grey clay bearing sandstone 
contains a few, one to eight centimetres, thick yellow sandstone stringers that show 
weak cross lamina as observed in the low angle cross-laminated sandstone facies, but 
is mostly structureless. The dark grey sandstone overprints parts of the light yellow 
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sandstone. Clay matrix can be observed in the sandstone. The grain size ranges from 
medium to very coarse grained sand. The sandstone is friable and strongly weathered. 
F) Cross-stratified sandstone (Figs. 4.12 and 4.13 B) (Table 4.2): this facies is present 
in one nine centimetre thick unit in the section. The sandstone shows through cross-
stratification with tangential foresets with an average dip of 30 degrees. The unit has 
erosional bounding surface to the underlying unit. The rock has a grain size of coarse 
sand and is poorly sorted. Strike and dip measured on the cross-stratified beds indicate 
sediment transport the east. 
 
Figure 4.13: A) Low angel cross-laminated sandstone representing lithofacies D (D), overlaying the 
highly weathered and friable sandstone of lithofacies E – Clay bearing sandstone (E). B) Through 
cross-stratified coarse sandstone representing lithofacies F (F) eroding into the low angle cross-
laminated sandstone of lithofacies D (D). 
Facies association FA2 comprises; lithofacies D – low angle cross-laminated sandstone, 
lithofacies E – Clay bearing sandstone and lithofacies F – Cross-stratified sandstone. 
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The association is dominated by medium to coarse parallel cross-laminated sandstone. The 
lower part of the log, 0 to 0.62 metres, consists of weakly cross-laminated medium grained 
sandstone. The rest of the log, 0.62 to 2.6 metres, is dominated by low angle cross-laminated 
coarse to very coarse sandstone with one interbedded 9 centimetre thick cross-stratified unit. 
In general facies association FA2 is upward coarsening from medium grained, to very coarse 
sandstone. 
 
4.3.3   Mineralogical description 
X-ray diffraction analysis was performed on six bulk rock samples from M13-7 to determine 
the mineral composition of the Upper Mitole Member (Fig. 4.14). The complete results of the 
XRD analysis can be found in appendix A. 
 
Figure 4.14: Bulk mineralogical composition determined by XRD analysis of M13-7 samples. 
 
Figure 4.15: The quartz to feldspar ratio determined by XRD analysis for bulk rock samples from 
locality WP232.  
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The bulk samples analysed from the location consist primarily of quartz and feldspars, but 
also contain a variable amount of clay minerals. Quartz is the dominant mineral (up to 61.6 
percent and an average of 58 percent). Plagioclase is the second most abundant mineral and 
constitutes 20 percent on average and the amount decreases upwards (Fig. 4.14). K-feldspar 
constitutes an average of 11.2 percent, and the amount decreases upwards. Small amounts 
(between 3.6 and 5.7 percent) of I/S are present in samples M13-7-1-14, M13-2-6-14 and 
M13-4-4. Kaolinite is found exclusively in samples from lithofacies E (samples M13-7-4-14, 
UM-1-14 and UM-2-14) (Table 4.2) (Fig. 4.12). The bulk rock samples form locality M13-7 
show quartz to feldspar ratios ranging from 1.3 to 2.8. The lowest values are at the base of the 
section and the value increases upwards through the profile (Fig. 4.15). 
    
4.3.4   Thin section and petrographic description 
Optical microscopes have been used to study six thin sections from the Upper Mitole Member 
at locality M13-7 and four thin sections have been point counted (Appendix B and C). Based 
on point counting the sandstone is classified as feldspathic arenite and contains very little 
lithic fragments. The grains are sub-angular to sub-rounded and the sandstone is mostly 
moderately well to well sorted, except sample M13-7-2-14, which is poorly sorted (Fig 4.16 A 
and B). Feldspar mineral grains show moderate to high degree of weathering (Appendix C). 
Based on data from point counting, plagioclase feldspar shows the highest degree of 
weathering and also shows increasing weathering in the upper parts of the profile. Plagioclase 
grains mostly falls into category 4, while k-feldspar mostly falls into category 3. Pore filling 
clay can be observed as clay illuvium in the samples from the upper parts of the profile (Fig. 
4.16 C), while small amounts of pore filling clay can be observed in all samples from the 
lower parts of the profile (M13-7-1-14, M13-7-2-14 and M13-7-3-14). Primary porosity is 
high in most of the samples (19.5 – 23 percent) and the intergranular volumes (IGV) are 
measured up to 27 percent (Appendix B). Fe-oxides can be observed as pore filling cement 
and also as staining on the pore filling clay (Fig. 4.16 C and D). Grain contacts are mostly 
tangential, but some long contacts are also observed in the samples (Appendix D). The 
samples show weak to moderate compaction. 
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Figure 4.16: A) Thin-section photomicrograph in cross-polarized light showing sub-angular 
moderately sorted grains with tangential grain contacts of sample M13-7-1-14. B) Thin-section 
photomicrograph in cross-polarized light showing sub-angular to sub-rounded, poorly sorted grains 
of sample M13-7-2-14. Grain contacts are mostly tangential, but straight contacts are observed. C) 
Thin-section photomicrograph in plane polarized light showing a weathered ilmenite grain (Ilm.) 
surrounded by kaolin clay illuvium (K) in sample M13-7-4-14. The clay has been stained by iron oxide 
(Fe-ox) along channels running through the illuvium. D) Thin-section photomicrograph in plane 
polarized light showing a highly weathered ilmenite grain (Ilm.) surrounded by pore filling Fe-oxides 
(Fe-ox) in sample M13-7-2-14. 
 
SEM analysis revealed feldspar grains in different stages of dissolution (Fig. 4.17 A and C). 
Grains observed with only light surface etching are found with grains that show nearly 
complete dissolution. Clay with both authigenic and detrital morphology are present in the 
samples. The energy dispersive spectra collected in the samples shows the authigenic clay to 
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consist of smectite and I/S. The authigenic clay minerals can be observed as grain coating and 
overgrowth on primary intergranular pore space when bridging between grains (Fig. 4.17 B 
and C). The authigenic clay minerals are not present on grain contacts (Fig. 4.17 A, B and C). 
The energy dispersive spectra collected on the samples shows that the detrital clay observed 
in the samples consist of kaolin. Kaolin is present in sample M13-7-4-14, UM-1-14 and UM-
2-14. The SEM study of the kaolin minerals revealed none of the expected morphology for 
authigenic kaolin clay; it looks massive and shows no crystal structures (Fig. 4.17 D). 
Smectite grain coatings are observed surrounded by, and imbedded in, detrital kaolin, 
showing that the smectite and I/S are the primary diagenetic mineral. Ilmenite, rutile and 
titanite are the most abundant heavy minerals in the M13-7 samples. 
  
 
Figure 4.17: SEM images of rock mounted on stud. A) SEM image displaying angular quartz, rounded 
plagioclase and weathered k-feldspar. B) SEM image of smectite growing from the etched surface of 
k-feldspar grain onto neighbouring grain. C) Highly weathered plagioclase grain, the grain is almost 
fully dissolved and the smectite coating stands behind. Note also the smectite overgrowing 
intergranular porosity and neighbouring grains. D) Structureless and massive kaolin surrounding and 
enveloping smectite coating. 
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4.4   Locality WP286 
4.4.1   Locality description WP286-2012 the Upper Mitole Member 
Locality WP286 (Fig. 4.18) is located along the road between Mpingo and Tendaguru Hills, at 
UTM coordinates 0539718, 8945943 at an elevation of 53 metres (Fig. 1.3 and 1.4). The 
outcrop faces east and is exposed north-west of the road. One section was logged at the 
location on the scale of 1:50 and the formation thickness is 490 centimetres (Fig. 4.19).  
 
Figure 4.18: The outcrop at locality WP286 showing calcite cemented sandstone. Lighter semi-
continuous beds of calcite cemented sandstone interbedded with fungi covered darker friable less 
cemented sandstone.  
Semi-continuous beds of calcite cemented sandstone interbedded with less calcite cemented 
friable fine to medium grained sandstone dominate the section logged at locality WP 286. The 
interface to underlying or overlying formations is not observable at the location.  
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Figure 4.19: Sedimentary log from the Upper Mitole Member of the Mitole Fm. at locality WP286. 
Identified lithofacies; F, and G. Facies association FA3 and samples are noted in the log. 
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4.4.2   Lithofacies description and facies associations 
Two lithofacies (Table 4.3) were identified, and is grouped into one facies association named FA3.  
 
Table 4.3: Lithofacies description from locality WP286. 
Facies nr. Lithofacies Grain size Physical Appearance Sample 
G 
Calcite 
cemented 
sandstone 
Fine to coarse 
sand 
Discontinuous to semi 
continuous calcite cemented 
beds, Abundant in sand filled 
burrows. Scattered to highly 
bioturbated. 
WP286-1-14, 
WP286-3-14 
H Cross-stratified sandstone 
Fine to coarse 
sand 
Upward fining. Erosional 
base. Cross-stratified.  
 
G) Calcite cemented sandstone (Figs. 4.19 and 4.20 A) (Table 4.3): this sandstone 
lithofacies is upward coarsening and varies in grain size from fine to coarse sand. The 
lithofacies is characterized by light yellow and weakly calcite cemented; poorly sorted 
friable sandstone, interbedded with 5 to 15 centimetres thick, and semi-continuous 
beds of light grey moderately sorted calcite cemented sandstone. Broken and sub-
rounded thick shell fragments are common in the upper two metres of the section. 
When the grain size increases, the thickness of the semi-continuous beds increase in 
thickness and become more continuous. The sandstone is scattered to heavily 
bioturbated and both vertical and horizontal sand-filled burrows are abundant. The 
trace fossils observer has been identified as belonging to the Skolithos and Cruziana 
ichnofacies. Macrofossils belonging to the Ammonoidea subclass were observed 
between 0 and 2.4 metres in the section and scattered coal fragments are also observed 
between 1.25 and 1.6 metres in the section (Fig. 4.18).  
 
H) Cross-stratified sandstone (Figs. 4.19 and 4.20 B): this lithofacies comprises one 38 
centimetre thick unit of tabular cross-stratified yellow sandstone with tangential 
foresets. The unit is upward fining from coarse to medium sand and contains both 
shell fragments and small amounts of coal fragments. Weak red staining has been 
observed on the individual cross beds and the dip of the foresets has been measured to 
an average of 22 º. The cross-beds have a measured transport direction of 
approximately 70 º, towards the east. 
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Figure 4.20: A) Discontinuous to semi-continuous layers of calcite cemented sandstone representing 
lithofacies G – calcite cemented sandstone. B) 38 centimeter thick cross-stratified, fining upwards 
calcite cemented sandstone representing lithofacies H - cross-stratified sandstone. 
 
Facies association FA3 comprises; lithofacies G – calcite cemented sandstone and lithofacies 
H – cross-stratified sandstone. 
The log has been interpreted to represent the FA3 facies association. The association is 
dominated by calcite cemented, fine to coarse grained sandstone from facies G. In the upper 
part of the section between 3.71 and 4.09 metres, one unit of upward fining, cross-stratified 
sandstone from facies H is observed. The association is generally upward coarsening from 
fine to coarse sandstone. 
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4.4.3   Mineralogical description 
X-ray diffraction analysis was performed on two bulk rock samples from WP286 to determine 
the mineral composition of the Upper Mitole Member (Fig. 4.21). The complete results of the 
XRD analysis can be found in appendix A. 
 
  
Figure 4.21: Bulk mineralogical composition determined by XRD analysis of WP286 samples. 
 
 
Figure 4.22: The quartz to feldspar ratio determined by XRD analysis for bulk rock samples from 
locality WP286.  
 
The bulk rock samples analysed from locality WP286 primarily consist of calcite and quartz 
(most abundant), plagioclase and k-feldspar. Siliciclastic minerals make up more than 50 
percent in both samples (Fig 4.21). Both samples have closely related mineral composition, 
but sample WP286-1-14 comprises a small amount of I/S and contains 11 percent less calcite. 
Sample WP286-1-14 consists of 37 percent calcite, 40.4 percent quartz, 9.8 percent 
plagioclase and 9.4 percent k-feldspar. The sample also contains 3.2 percent I/S. Sample 
WP286-3-14 consist of 47.9 percent calcite, 35.7 percent quartz, 8.8 percent plagioclase and 
7.7 percent. The quartz to feldspar ratio is 2.1 for sample WP286-1-14 and 2.2 for sample 
WP286-3-14 (Fig. 4.22).  
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4.4.4   Thin section and petrographic description 
Two thin sections from locality WP286 have been studied under optical microscope 
(Appendix D). Based on the data from point counting, the sandstone classifies as feltspathic 
arenite and is cemented with sparry calcite and microspar (Appendix B). The samples contain 
shell fragments and undeterminable fossil ghosts that are partly dissolved and recrystallized. 
Degree of sorting and the amount of silt varies between the samples. WP286-1-14 is poorly 
sorted and contains high amounts of silt and some clay and is less calcite cemented than the 
moderately well-sorted sandstone observed in sample WP286-3-14. The mineral grains are 
sub-rounded to sub-angular. The primary porosity of the samples is low because of the calicite 
cement present in the intergranular pore space. Lithic fragments are rare. Feldspat grains 
generally show good preservation especially in the more cemented sandstone and the grains 
ate mostly observed in category 2 and 3 (Appendix C). 
   
 
Figure 4.23: A) Thin-section photomicrograph in cross-polarized light showing sub-angular poorly 
sorted siliciclastic grains with mostly tangential grain contacts of sample WP286-1-14. B) Thin-
section photomicrograph in cross-polarized light showing sub-angular to sub-rounded, moderately 
well sorted grains of sample WP286-3-14. Grain contacts are mostly tangential and “floating” grains 
are observed in the calcite cement. Fossil ghosts are also abundant. 
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Figure 4.24: A) SEM image of thin section showing recrystallized calcite cement with secondary 
porosity and fossil ghost (FG). B) SEM image of rock mounted on stub showing poikilotopic calcite 
cement (PCC) completely filling intergranular pore space between rounded quartz grains (Qtz). C) 
SEM image of rock mounted on stub showing rounded quartz grain (Qtz) and recrystallized microspar 
(MS). D) SEM image of rock mounted on stub showing dense detrital clay forming plates (I/S). E) 
Backscatter SEM image of thin section showing how the detrital clay forms a dense platy texture 
between the framework grains (I/S). The presence of detrital clay has also hindered the further growth 
of sparry calcite cement (SCC). F) Backscatter SEM image showing how small clay clasts have been 
trapped in the periphery of the growing calcite cement (SCC). In these small pockets along the 
periphery of the cement the clay minerals show crystal habits that indicate that the clay is authigenic 
(A). 
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SEM analysis revealed that the dominant digenetic cement is sparry calcite (Fig. 4.24 A), but 
the sample also contains microspar (Fig. 4.24 C) and poikilotopic calcite cement (Fig. 4.24 
B). The sparry calcite cement fills most of the primary intergranular porosity. The clay 
minerals show a dense platy texture and the crystal habit of these plates are parallel to the 
grain surfaces of the framework grains (Fig. 4.24 D and E). The dispersive energy spectra of 
the clay, display significant amounts of Si, Al, Mg and smaller amounts of Ca and K 
identifying the clay as I/S. Small amounts of I/S was also observed within small voids in the 
periphery of the sparry calcite cement (Fig. 4.24 F). These clay minerals that are trapped in 
the periphery of the growing sparry calcite cement indicate that the detrital I/S predates the 
precipitation of calcite cement.  
 
4.5   Locality WP252  
4.5.1   Observations at locality WP252 the Upper Mitole Member 
Locality WP252 is located just south of the village of Mandawa at UTM coordinates 054963, 
8964337 (Fig. 1.3 and 1.4). The outcrop is exposed along the eastern side of the main road 
between Lindi and Kilwa. Observations and sampling was conducted at the location, but no 
log was created, as the formation thickness is less than a metre. The outcrop has no cliff face 
and only the bedding surface is exposed.   
 
Figure 4.25: A) Shows asymmetrical transverse sinuous ripples on the bedding plane of the Upper 
Mitole Member at locality WP252 with measured transport direction of 285º. B) Shows horizontal 
burrows or boring partly filled by calcite and partly by sand. C) Shows a localized heavily calcite 
cemented sandstone. D) Shows vertical sand-filled burrows, identified as Skolithos and 
Diplocraterion. 
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The sandstone observed at WP252 belongs to the Upper Mitole Member (Mitole Formation). 
The sandstone has a yellow weathering colour and consists of well-sorted medium to coarse 
friable sand. Asymmetrical, transverse, sinuous, in phase ripples observed several places on 
the bedding plane, indicating transport towards the west (285º) (Fig. 4.25 A). Scattered sand-
filled vertical burrows were locally abundant. They occur as a single burrow identified as 
Skolithos or in pairs identified as Diplocraterion with a diameter of approximately one 
centimetre (Fig. 4.25 D). Networks of horizontal branching vertical burrows were also 
observed (Fig. 4.25 B). The burrows were filled by a calcite and sand and have a diameter of 
approximately 1.5 centimetres. While the sandstone is mostly friable, localized concretions of 
calcite cemented sandstone was observed scattered on the bedding plane (Fig. 4.25 C).    
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5.   Discussion  
5.1   Facies association FA1 from the Lower Mitole Member 
5.1.1   Facies association and depositional environment 
Facies association FA1, identified within the Lower Mitole Member encompasses lithofacies 
A - sandy siltstone, lithofacies B - silty oolitic limestone, and lithofacies C - hummocky cross-
stratified oolitic limestone (Table 4.1) and is dominated by sandy siltstones, interbedded by 
oolitic limestones.  
The limestone beds are mostly upward fining and often show erosional bases into the finer 
sediments. Hummocky cross-stratification indicates deposition during high-energy flow 
events produced by large storm waves in a shallow marine environment (Dott and Bourgeois, 
1982). Hummocky cross-stratification most commonly forms by re-deposition, below the 
fairweather wave base by large waves, of sand scoured from shoals or shoreface and fine sand 
delivered by flooding rivers (Dott and Bourgeois, 1982). The sandy siltstone is interpreted to 
represent periods where the deposition reverts to more fine grained marine deposition after 
high-energy events. Carbonate shelf and ramp margins are often characterized by sand shoals 
or by reefs, which form the provenance for most resedimented carbonates. The distribution of 
ooids in the oolitic limestone varies between being scattered and highly concentrated 
indicating that they are allochthonous and have been re-deposited (Flügel, 2010).   
The limestone units are upward thickening and slightly upward coarsening, indicating 
deposition in an increasingly higher energy environment and the profile have been interpreted 
to represent a period of shoaling. Structural facies in a shallow marine depositional 
environment readily shift either landward or seaward depending on changes in sea-level, wave 
currents or tide (Clifton et al., 1971). Thicker limestone units in the upper parts of the Lower 
Mitole profile indicates that the source of ooids have moved into a more proximal 
depositional position relative to the lowermost beds. Laterally along the outcrop at the same 
stratigraphic level, the limestone units are thinning and the amount of ooids comprising the 
framework grains are drastically reduced. These units have been interpreted to represent a 
more distal position and the framework grains are mainly made up of shell fragments. The 
interbedded oolitic limestones units are wedge shaped and are thinning towards the north east 
which is interpreted to also represent the transport direction of the sediments.   
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Folk (1959), argues that the ratio between the amount of microcrystalline lime mud and 
authigenic sparry calcite cement can be used to assess the current strength of the depositional 
environment as well as sorting. Here the limestone units are all calcite cemented by sparry 
calcite cement, containing no microcrystalline lime mud or clay pointing to sedimentation in a 
high-energy environment. During re-deposition silt sized siliciclastic grains are mixed with 
coarse grained allochemical carbonate grains making up a poorly sorted rock. Background 
sedimentation is represented by the poorly sorted sandy siltstone consisting of mostly fine-
grained silt and clay indicates deposition in a low energy environment. The fine-grained units 
show no apparent sedimentary structures or grading. Primary sedimentary structures might 
have been obscured by bioturbation, which is common in the lower shoreface (Howard and 
Reineck, 1981), but few clear signs of bioturbation have been observed. Small amounts of 
sand-sized grains consisting of mostly ooids are observed in the siltstone indicating that the 
depositional environment is proximal to the source of these coarse allochemical carbonate 
grains. 
 
Figure 5.1: Depositional environment of facies association FA1, Lower Mitole Member (Mitole 
Formation) within the Mandawa Basin. Mean low water (MLW), mean fairweather wave base 
(MFWB), mean storm wave base (MSWB). 
 
Hudson (2011) interpreted the Lower Mitole Member to represent a shallow, agitated marine 
environment. A shallow marine depositional environment is also suggested for the facies 
association FA1 in this study. However, the environment is inferred to be close to or below 
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the fairweather wave base in the lower shoreface to the offshore transition (Fig. 5.1). Where 
fine-grained sediments deposited in a low energy environment form the background 
sedimentation and is interbedded by coarse to very coarse sediments deposited in periodically 
high-energy flow events produced by large storm waves. This type of interpretation has been 
discussed by Badenas and Aurell (2000) and Molina et al. (1997) who describes facies on a 
storm-dominated carbonate ramp, whose observations are comparable to this study.   
 
5.1.3   Petrography and diagenetic features 
The studied samples, representing the sandy siltstone, have average quartz to feldspar ratio of 
1.6, while the samples representing the oolitic limestone facies have average quartz to 
feldspar ratio of 0.96. The quartz and feldspar grains of both facies are mostly made up of 
grains in the silt fraction. The low quartz to feldspar ratio in both facies and the abundance of 
feldspar indicate that the sediments are immature. Nesbitt et al. (1996) discuss that feldspar 
dissolution occurs by in-situ chemical weathering in profiles and that plagioclase is more 
rapidly destroyed than either quartz or k-feldspar. In the plagioclase series, anorthite is more 
rapidly destroyed than albite. The abundance of feldspar and especially plagioclase indicate 
that the source rock has undergone low grades of paleo weathering, while the total dominance 
of the albite component of the plagioclase might indicate that moderate weathering of the 
source rock might have occurred depending on the mineralogical composition of the source 
rock. The feldspar grains look well-preserved in all facies and the low quartz feldspar ratio 
also indicates that recent in-situ chemical weathering of feldspars in the profile have been 
limited (Fig. 5.2) (Nesbitt et al. 1996). 
 
Figure 5.2: Chemical weathering stability series (Goldich stability series) (modified from Goldich, 
1938). 
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Calcite is the dominant cement in FA1. Sparry calcite cement mostly occludes porosity and 
the cement is inferred to represent the approximate intergranular volume (IGV) present at 
deposition. The framework grains in the samples are loosely packed and grain contacts are 
tangential showing only moderate compaction and packing prior to cementation. The calcite 
cement is therefore interpreted to be early digenetic cement and the first digenetically 
precipitated mineral. Precipitation of calcite cement occurs when pore waters become 
supersaturated with dissolved calcite. Pore water in contact with unstable carbonate minerals 
will have higher concentrations of dissolved calcite than pore water that is in equilibrium with 
calcite cement (Bjørkum and Walderhaug, 1990). Dissolution of aragonite and high Mg-
calcite and precipitation of sparry calcite cement is an early (15 – 40 °C) and common 
diagenetic cement in Jurassic and Lower Cretaceous marine sandstones (Saigal and 
Bjørlykke, 1987).  
At least two generations and morphological different calcite cements (Fig. 4.10 A and B) have 
been observed. The first generation, and most abundant, is sparry calcite cement. Along the 
perimeter of the calcite crystals, small detrital clay clasts have been trapped in the growing 
calcite crystals (Fig. 4.10 A). The deposition of detrital clay therefore predates the formation 
of sparry calcite cement. The sparry calcite cement is interpreted to have precipitated in the 
available intergranular porosity and is much more abundant in the oolitic limestone where the 
primary porosity was high. Dissolution of biogenic carbonate deposited within the sequence 
has been interpreted to represent the source of the observed sparry calcite cement. Dissolution 
of plagioclase could be a source of Ca2+, but the albite component of plagioclase makes up 
most of the plagioclase in the profile and would therefore not contribute significantly to the 
formation of calcite cement (Bjørkum and Walderhaug, 1990, Bjørlykke et al., 1989).  
The second generation is microspar calcite cement and is only observed in the clay rich 
intervals of the sandy siltstone. Circular structures with a diameter of 10 micrometres have 
been observed in the microspar and have been interpreted as bioturbation (Fig. 4.10 B). The 
structures are filled by calcite and are delineated by thin clay rims, which are enriched in Fe, 
but the energy dispersive spectrum from SEM analysis is inconclusive as to which type of 
clay mineral is represented in these clay rims. The structures can either resemble boring in 
early cement forming hardgrounds, or bioturbation traces in calcite rich lime mud, which later 
has recrystallized as microspar. Wilkinson et al. (1982) discuss boring in hardgrounds and 
write that the bioerotional structures in hardgrounds will crosscut calcite crystals and also 
imbedded fossils. Such relations are not observed in the microspar and the observed structures 
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are therefore interpreted to represent bioturbation. The microsparry calcite cement is therefore 
interpreted to represent the alteration and recrystallization of bioturabated lime mud into 
calcite cement (Melim et al. 2004). The amount of microspar is very limited and only 
observed in one sample. 
Pore filling clay consists mostly of smectite, but also limited amounts of I/S have been 
detected. In SEM analysis the clay minerals mostly do not display crystal habit as expected 
from authigenic clay minerals. The clay minerals also contain a high amount of admixed 
detrital grains mostly in the fine silt fraction and have consequently been interpreted to 
represent detrital clays deposited within the siltstone sequence (Wilson and Pittman, 1977). 
Clay minerals can be inherited from the source area and transported with little mineral 
alteration to the basin (Galán and Ferrell, 2013). While most of the observable clay minerals 
of the facies association FA1 are interpreted as inherited, authigenic clay is present in 
restricted, small volumes of the rock (Fig. 4.10 C). The authigenic clay minerals form a 
honeycomb structure in the intergranular porosity where some porosity has been preserved 
following the precipitation of calcite cement. Authigenic clay minerals in sediments are 
formed in situ by neoformation, direct precipitation from formation waters or by 
transformation. Transformation is the process of alteration of a precursor mineral structure 
without dissolution. During transformation, the essential silicate skeleton of the clay mineral 
is maintained, while the interlayer space can be modified (Galán and Ferrell, 2013). Admixed 
detritus observed in the detrital clay minerals are also present in the clay with authigenic 
morphology. This observation indicates that the detrital clay forms the precursor mineral for 
the authigenic clay. The authigenic smectite is therefore interpreted to represent a limited 
transformation of detrital clay minerals. Precipitation of smectite minerals require pore water 
chemistry to lay in the stability field for smectite. This happens when the silica concentration 
of the pore water is significantly higher than the quartz saturation (Bjørlykke et al. 1989). 
Smectite is readily precipitated in arid and desert environments. Limited infiltration of 
meteoric water into the subsurface and dissolution of amorphous silica and unstable evaporitic 
minerals affect the chemical composition of the pore water. Silica concentration increases 
together with the concentrations of cations such as Na+, K+, Ca2+ and Mg2+, and the pore fluid 
will fall into the stability field for smectite (Bjørlykke and Aagaard, 1992). The abundant 
detrital smectite in the siltstone is believed to be representing a land derived weathering 
product reflecting climate conditions during deposition of FA1.   
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The early formation of calcite cement during the burial diagenesis reduced porespace and 
restricted pore fluid movement. Dissolution of unstable minerals is controlled by the rate of 
pore fluid movement and the low quartz feldspar ratio and abundant amount of plagioclase 
observed in facies association FA1 indicate that only confined leaching of unstable minerals 
occurred (Morton and Hallsworth, 1999). The lowest quartz feldspar ratios calculated from 
XRD bulk analysis and point counting represents the intervals of rock with the highest 
amount of carbonate cement, while less cemented intervals show slightly higher quartz to 
feldspar ratio.     
Ooids in the silty and clay-rich intervals are poorly preserved and show etching of the calcite 
cortices. This observation is in great contrast to the well-preserved ooids in more calcite-
cemented limestone. The dissolution of calcite observed in the siltstone reflects a pore water 
chemistry where calcite is unstable and that a fair amount of pore water moved through the 
rock (Morton and Hallsworth, 1999). The observed dissolution is believed to be caused by 
meteoric water recharge in connection with recent surface weathering (Bjørlykke and 
Aagaaed, 1992, Morad et al. 2010). Red staining Fe-oxides where iron is in the ferric state is 
found as grain coating on ooids and as pore-filling cement in the more silt-rich intervals of the 
profile (Fig. 4.9 B and D). The Fe-oxides are interpreted to have precipitated during oxidizing 
conditions in connection with recent surface weathering and represents the latest precipitated 
phase in the samples. 
Based on petrographic relations the sequence of diagenetic events and the alterations caused 
by recent surface weathering have been interpreted for facies association FA1; after 
deposition, initial mechanical compaction was initiated, and early during burial the first 
generation of calcite cement was precipitated. The first calcite phase represent the dissolution 
of the most unstable carbonate minerals (e.g. aragonite and high-Mg calcite) and the 
precipitation of sparry calcite cement in the available pore space. During burial, slightly less 
soluble lime mud has recrystallized as microspar calcite cement. Following the precipitation 
of calcite cement limited transformation of detrital clay minerals has occurred where small 
volumes of porosity have been preserved, following the cementation of the rock. The 
transformation of detrital clay minerals and the precipitation of authigenic smectite is believed 
to be in connection with recent surface weathering, caused by meteoric water recharge. Partial 
dissolution of calcite in the more permeable layers and the oxidation of Fe in solution and 
precipitation of Fe-oxides are interpreted to represent recent surface weathering of the profile.  
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5.2   Facies association FA2 from the Upper Mitole Member 
5.2.1   Facies association and depositional environment 
Facies association FA2, identified within the Upper Mitole Member encompasses lithofacies 
D – low angle cross-laminated sandstone, lithofacies E – dark sandstone and lithofacies F – 
cross-stratified sandstone. The generally medium to coarse grained sandstone of the 
association is characterized by low angle, parallel cross lamination (lithofacies D), but also 
contain one unit with higher angle cross stratification (lithofacies F). 
The gently sloping, parallel laminated sandstone forms planar surfaces that have an average 
dip of less than 10° towards the east and have been interpreted to represent deposition in the 
swash zone of the foreshore. The strike and dip of the laminae indicate a transport direction in 
an east west direction. The planar laminae produced in the swash zone are deposited during 
flow in the lower parts of the upper flow regime (Clifton et al, 1971). Within the facies 
association FA2 one 9 centimetre thick coarse sandstone unit, that shows through cross 
bedding with an average dip of 30 degrees, stands out from the dominant facies. The unit has 
an erosional base and show cross-stratification with a distinct higher angle than the laminated 
sandstone. The unit has been interpreted to be deposited in the transition between the swash 
zone and the nearshore, surf zone as a seaward prograding dune where the strike and dip 
shows that the transport direction is towards the east. Clifton et al. (1971) writes that the 
depositional environment in the transition between the swash- and surf zone shows structures 
related to flow in the upper parts of the lower flow regime often producing medium scale 
foresets that mostly dip seaward. The sandstone is medium to very coarse and moderately 
well to well sorted. The high degree of sorting can indicate that breaking waves set up high 
velocity flow up the shoreface onto the foreshore, transporting coarse grains landwards, while 
the fine grained sandstone and silt temporarily go into suspension (Collinson and Reading, 
1996). The grains of the sandstone are mostly sub-angular to sub-rounded and the pebble-
sized grains present in the sandstone are very well rounded, indicating a high degree of 
reworking or transport and fits well with a foreshore depositional environment.  
Fossils observed in the FA2 facies association is dominated by broken shell fragments. 
Disarticulation and the destruction of shell fragment indicate a high-energy depositional 
environment. Cylindrical, vertical sand filled burrows make up the trace fossils of the facies 
association and the observed diversity is low. Scattered trace fossils, interpreted as Skolithos 
and Diplocraterion, represent moderate to high-energy conditions and slightly muddy to clean 
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well sorted sediments. Generally these ichnofacies correspond to the beach; in particular 
foreshore and upper shoreface (Pemberton and MacEachern, 1995).  
Facies association FA2 representing the Upper Mitole Member have been interpreted to be 
deposited in a shallow marine depositional environment between mean high tide and mean 
low tide in a high-energy foreshore environment (Fig. 5.4). 
 
Figure 5.4: Depositional environment of facies association FA2, Upper Mitole Member (Mitole 
Formation) within the Mandawa Basin. Mean low water (MLW), mean fair weather wave base 
(MFWB), mean storm wave base (MSWB) with a simplified sedimentary log.. 
     
5.2.3   Petrography and diagenetic features 
The destruction of feldspar and introduction of kaolin in the profile indicate in situ, chemical 
weathering of the profile, or different source rock composition (Nesbitt et al. 1996). The 
degree of weathering of the feldspar grains are more severe than those observed in the Lower 
Mitole Member (Mitole Formation). The feldspar grains show varying preservation grade, 
most grains in categories 3, 4 and 5 and the amount of severely weathered grains of category 
4 and 5 are slightly more abundant in the samples collected at a higher level in the profile 
indicating recent weathering. Monocrystalline quartz grains are the predominant framework 
grain and lithic grains are rare. Primary porosity and IGV are high in all samples and the 
samples also show secondary porosity caused by feldspar dissolution.  
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High degrees of recent surface weathering have affected the sandstone of FA2. This makes it 
difficult to differentiate recent alterations in connection with surface weathering of the profile 
from the diagenetic alterations that have affected the sandstone during the burial history.      
Authigenic clay minerals are present as thin grain coating and to a lesser degree pore filling 
clay as bridging between grains. The XRD analysis of bulk rock samples, identifies small 
amounts of I/S, making up an average of 4.5 percent of the bulk rock in selected samples. The 
crystal morphology of the clay coating is a honeycomb structure with radial growth to the 
grain surfaces (Fig. 4.17 B). The structures of individual crystals are not recognizable and the 
clay forms a continuous sheet. Based on the morphological description of clay minerals by 
Wilson and Pittman (1977) the observed authigenic clay minerals have been interpreted as 
smectite. Wilson and Pittman (1977) discusses that mixed layer clays show characteristic 
crystal habits of the participating clay minerals. The crystal morphology might therefore 
indicate that the amount of illite layers in the mixed layer clay is limited. Authigenic clay 
minerals are formed by direct precipitation from formation water (neoformation) or possibly 
as transformation. Transformation is the process of alteration of precursor mineral structure 
without dissolution. (Wilson and Pittman, 1977; Galán and Ferrell, 2013).  
The deposition of fine clays within the sequence is not expected in the high-energy 
depositional environment of facies association FA2, but pore filling clay and clay coats, 
which does not show authgenic morphology, is present in small amounts. The clay minerals 
are believed to represent later mechanical infiltration of clay after deposition. Clay infiltration 
most often occur into fluvial and incised valley sand deposits, but also occur in permeable 
subaerially exposed sands, like foreshore and shorface sands below unconformities (Morad et 
al., 2010). Infiltration of muddy waters through sand is a mechanism for emplacing allogenic 
clay minerals into sand. The infiltrated clay minerals usually form grain coats parallel to the 
grain surfaces and as bridging between grains (Matlack et al., 1989; Pittman et al. 1992). The 
observed authigenic clays might therefore be interpreted to represent transformation of 
mechanically infiltrated clay minerals. The chemical composition of the authigenic clay 
minerals also show that the detrital clay minerals have undergone limited degradation. This is 
observed as a limited depletion of potassium in the transformed authigenic clay minerals 
compared to the detrital clay minerals (Galán and Ferrell, 2013). Smectite precipitates when 
the pore water lies in the stability field for smectite. This happens when the silica 
concentration of the pore water is significantly higher than the quartz saturation. Precipitation 
of smectite therefore usually happens in sandstones containing biogenic or volcanic 
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amorphous silicate minerals (Bjørlykke et al., 1989). No volcanic debris or biogenic silicate 
minerals have been observed in the samples. Dissolution of unstable silica minerals (e.g. 
feldspar) might have provided silica to the aqueous phase. At low temperatures, the growth 
rate of quartz is too low to keep silica concentration of the aqueous phase at the level of 
quartz saturation (Bjørlykke and Aagaard, 1992). Hudson (2011) discusses that the period 
from Upper Jurassic to the Lower Cretaceous was a period of rapid sea-level changes in the 
Mandawa Basin. Shallow marine facies readily move landward or basinward during relative 
changes of sea level (Clifton et al., 1971). This might have resulted in the sandstone of facies 
association FA2 having a reduced and varying connectivity to the meteoric water lens. 
Reduced connectivity may have created pore water with increased concentrations of silica and 
cations and the chemical composition of the pore water would fall in the stability field for 
smectite (Bjørlykke and Aagaard, 1992). 
XRD results indicate that the clay minerals present in the sample consist of I/S and kaolin. 
SEM results also indicate the presence of discreet smectite. The presence of mixed layer clay 
minerals might indicate that a limited illitization of smectite has occurred during burial, but 
other origins, such as inherited clay minerals, surface weathering and pedogenic sources 
should also be considered (Altaner and Ylagan, 1997, Galán and Ferrell, 2013). Many authors 
have studied the diagenetic process of illitization of smectite in marine sandstones during 
burial. The modification and transformation of smectite during the process of illitization is 
associated with adsorption of interlayer potassium and is facilitated by the substitution of Si4+ 
by Al3+ in the smectite mineral. The process is kinetically controlled and also by the 
availability and activity of potassium. With progressively higher temperature during burial, 
the illite crystallinity and the amount of illite layers within the smectite structure increases 
(Altaner and Ylagan, 1997; Dypvik, 1983; Hower et al. 1976). The illitization reaction is 
expected to occur between 50-100ºC and the disappearance of discrete smectite usually takes 
place between 70-100ºC (Bjørlykke et al. 1989; Boles and Franks, 1979). 
High values of IGV and primary porosity and the nature of the observed grain contacts 
(mostly tangential) indicate that the FA2 sandstone have been buried to limited depths 
through its burial history and is not believed to have been subject to temperatures in the range 
of the illitization reaction. Robinson and Wright (1986) discuss that mixed-layer clay can 
have a pedogenic, rather than diagenetic origin and that I/S can be found in rock that have 
never been subjected to increased temperatures. Weir and Rayner (1973) discuss that 
interstratified clay minerals have widespread occurrences in both soil and sediments and that 
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I/S usually occur in soils where the weathering is slight. Repeated wetting and drying cycles 
of weathering profiles might cause irreversible K fixation into the smectite structure and the 
creation of I/S. Such wetting and drying cycles could be expected in paleosols forming in an 
floodplain environment, which is subject to strong seasonal moisture contrasts (Robinson and 
Wright, 1986). The I/S observed in FA2 is therefore believed to be of pedogenic origin and 
represent land-derived material that has been subject to illitization by wetting and drying 
cycles. 
Kaolin occurs as pore filling clay in the three uppermost samples of the profile. The kaolin 
occurs as clay illuvium, forming structures parallel to the grain surface and filling the primary 
porosity of the sandstone. Small channels, where porosity is preserved, runs through the clay 
(Fig. 4.16 C). Kaolin constitutes between 15 and 18 percent of the bulk rock in these samples. 
SEM analysis does not display any crystal habit or morphology characteristic of authigenic 
kaolin. The clay has been interpreted to represent mechanical infiltration of clay, mobilized by 
water. The crystal morphology of authigenic clay minerals will rapidly degrade during 
weathering, erosion or transportation (Wilson and Pittman, 1977). The kaolin is only present 
in the moderately well to well sorted sandstone samples collected in the upper parts of the 
profile and interpreted to postdate the thin grain coatings of smectite and I/S as the kaolin 
covers and surrounds the clay coatings. The quartz to feldspar ratio increases up through the 
profile from 1.2 at the base to 2.7. The abundant amount of feldspar in the samples show that 
the sandstones are immature and that the source rock have been subjected to only light to 
moderate amounts of chemical weathering. The upward gradient in the ratio and the observed 
destruction of feldspar, indicate that recent chemical weathering processes selectively 
destroys the less stable minerals in the profile. Nesbitt et al. (1996) discuss that feldspar 
dissolution occurs by in situ chemical weathering in profiles and that plagioclase is more 
rapidly destroyed than either quartz or k-feldspar. In the plagioclase series, anorthite is more 
rapidly destroyed than albite (Fig. 5.2). Kaolin can precipitate in pore water that lies within 
the stability field for kaolin. When pore water has a low ionic concentration and low pH 
during meteoric water flushing, kaolin can precipitate at the expense of feldspar and mica if 
K+ and Na+ are continuously removed from the system and the silica concentration of the pore 
water remains in the stability field for kaolinite (Bjørlykke and Aagaard, 1992; Bjørlykke, 
1998). The kaolin have been interpreted to have been precipitated during meteoric water 
flushing and leaching of unstable minerals, mainly plagioclase and k-feldspar during recent 
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surface weathering, and the lack of authigenic crystal morphology is interpreted to be caused 
by transportation and infiltration down into underlying horizons by water.  
Abundant Fe-oxides occur as grain coating in proximity to highly-dissolved heavy minerals 
and as staining of clay minerals. In the finer and poorly sorted sandstone at the base of the 
profile, the Fe-oxides are observed as grain coating and pore filling cement in close proximity 
to highly-weathered heavy minerals. In the coarse sandstone Fe-oxides are most commonly 
observed as staining on the surface of kaolin along channels running through the infiltrated 
clay. From this petrographic relation the oxides are interpreted to represent recent surface 
weathering, post-dating the mechanical infiltration of kaolin into the profile. Highly dissolved 
ferromagnesian minerals are observed in the rock and may have provided iron into solution, 
which is later oxidized in connection with surface weathering, and then precipitated as iron in 
the ferric state (Morton and Hallsworth, 1999). The heavy minerals in the samples consist of 
ilmenite, titanite and rutile and have been identified by SEM studies.  
Based on the petrographic relations the sequence of diagenetic events and the recent 
alterations by surface weathering have been interpreted for facies association FA2. After 
deposition, initial mechanical compaction was initiated and following deposition land derived, 
I/S of pedogenic origin is believed to have mechanically infiltrated the profile. During burial 
authigenic smectite was precipitated as grain coatings. Recent surface weathering has resulted 
in the dissolution and leeching of unstable feldspar components and the precipitation of kaolin 
as pore filling clay. Dissolution of Fe rich heavy minerals and oxidizing conditions in 
connection with surface weathering have resulted in the precipitation Fe-oxides as pore filling 
cement.  
 
5.3   Facies association FA3 from the Upper Mitole Member 
5.3.1   Facies association and depositional environment 
Facies association FA3 was identified within the Upper Mitole Member at locality WP286 
and encompass lithofacies G – calcite cemented sandstone and lithofacies H - cross-stratified 
sandstone. The sandstones shows nearly horizontal bedding and few primary depositional 
structures are observed except for one 38 centimetre thick cross-stratified upwards fining unit 
in the upper parts of the profile. Layers of friable calcite cemented silty sandstone interbedded 
by highly calcite cemented sandstone layers dominate in the profile. The sandstones is 
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generally more fine grained than that observed in facies association FA2 which also represent 
the Upper Mitole Member, indicating that FA3 was deposited in a more distal position 
relative to FA2. Facies association FA3 is scattered to highly bioturbated and show abundant 
trace fossils. The trace fossils mostly comprise vertical and horizontal cylindrical sand filled 
burrows. Trace fossils representing the Skolithos and Cruziana ichnofacies indicate 
sedimentation in a moderate energy environment (Pemberton and MacEachern, 1995).  
The lack of physical sedimentary structures and the dominance of biogenic structures indicate 
deposition in the lower shoreface (Howard and Reineck, 1981). The profile is coarsening 
upward into better sorted sandstones indicating an increase in energy in the depositional 
environment. In the upper parts of the profile broken sub-angular shell fragments are 
introduced and one unit shows cross-stratification. The cross-bedding is interpreted to 
represent deposition in the upper parts of the lower flow regime in the shoreface (Clifton, 
1971). Strike and dip of the cross beds indicate a transport direction towards the northeast.  
Facies association FA3 have been interpreted to represent a lower shoreface depositional 
environment (Fig. 5.5). 
 
Figure 5.5: Depositional environment of facies association FA3, Upper Mitole Member (Mitole 
Formation) within the Mandawa Basin. Mean low water (MLW), mean fair weather wave base 
(MFWB), mean storm wave base (MSWB). 
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5.3.3   Petrography and diagenetic features 
Feldspar grains mostly show good to moderate preservation and the grains are less weathered 
than those observed in FA2 at locality M13-7. Low quartz to feldspar ratio and high amounts 
of plagioclase minerals indicate that the source rock has undergone low grades of paleo 
weathering and that the sediments are immature (Nesbitt et al. 1996). The observed 
preservation of feldspar grains and the low quartz feldspar ratio also indicates that recent in-
situ chemical weathering of feldspars in the profile have been limited (Nesbitt et al. 1996).  
Pore filling clay, comprising small amounts of I/S, is present in both samples and has been 
interpreted as mainly detrital. The morphology fits well with detrital clay described by Wilson 
and Pittman (1977). The observed pore filling clay has a dense texture and forms platy 
structures between grains. The plates of clay minerals lie parallel to the grain surfaces and 
contain a high amount of admixed detrital grains in the fine silt fraction. In small cavities on 
the periphery of sparry calcite crystals, authigenic smectite with a honeycomb structure fills 
the preserved porosity of these small cavities (Fig. 4.24 F). The cavities have been interpreted 
to represent small detrital I/S grains that have been trapped in the growing calcite crystal and 
later have been transformed to form the authigenic clay morphology.  
Authigenic sparite and poikilotopic calcite cement fills the intergranular porosity and severely 
reduce the primary porosity. Partly dissolved and recrystallized fossils and fossil ghosts are 
abundant in the samples and calcareous bioclasts made up a large amount of the initial 
framework. Except for recrystallization and replacement of the calcareous bioclasts, few other 
detrital grains show replacement or heavy corrosion. The carbonate cement is therefore 
thought to be very early and represents the primary porosity at the time of deposition. Further, 
the sandstones mostly display tangential and less common long grain contacts indicating that 
the sandstone has undergone only moderate amounts of mechanical compaction and packing 
before the cementation (Taylor et al., 2000). Carbonate cement was most likely derived from 
dissolution of unstable biogenic carbonates. Redistribution by dissolution and precipitation of 
carbonate fossils is an isochemical reaction where no chemical components need to be 
introduced or removed from the system (Bjørkum and Walderhaug, 1990, Bjørlykke et al., 
1989). Precipitation of calcite cement can also be facilitated by the dissolution of Ca2+ rich 
volcanic or igneous rocks and organically derived carbon (CO2) (Bjørlykke et al., 1989), but 
is believed to be of little significance in the sandstones of FA3. XRD analysis shows that 
plagioclase in the samples is dominated by the albite component and plagioclase would 
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therefore not be a good source for Ca2+, there is also very little organic material that could 
provide CO2 during maturation. 
SEM analysis revealed that the samples contain microspar, sparite and poikilotopic cement. 
Bjørlykke et al. (1989) generally states that the more fine-grained calcite cements are 
probably formed by fresh water flushing at shallow burial depths. At progressively larger 
burial depths, less stable carbonate phases dissolve, forming more stable carbonate cement. 
The poikilotopic cement grows at the expense of the more fine-grained cements which are 
dissolved. The formation of poikilotopic calcite cement occurs at temperatures below 50-60 
ºC (Saigal and Bjørlykke, 1987). Al-Ramadan et al. (2005) discuss the distribution of 
diagenetic alterations in siliciclastic shoreface deposits within a sequence stratigraphic 
framework and writes that the formation of poikilotopic calcite cement usually occurs during 
relative sea-level low stand and incursion of meteoric water. Meteoric waters are initially 
undersaturated with respect to dissolved calcite and therefore cause dissolution of marine 
carbonate grains. Nucleation and precipitation of calcite in sandstone where the pore-water is 
supersaturated with respect to low-Mg calcite leads to the reprecipitation of dissolved HCO3- 
and Ca2+, as poikilotopic calcite cement (Al-Ramadan et al., 2005).      
The calcite cement is not uniformly distributed in the sandstone and occurs as semi 
continuous layers of horizontally elongated concretions to more continuous cemented 
horizontal layers. The interval between each layer is semi-regular and increases slightly as the 
grain size of the sandstone increases upwards. The layers also become more continuous as the 
grain size of the sandstone increases. The semi-regular distance between the individual layers 
of calcite cement forms as a result of each nucleation point reducing the concentration of 
dissolved calcite in proximal sandstone. Reduced concentrations of HCO3- and Ca2+ in the 
pore fluids inhibit nucleation in close proximity to formed nuclei because the pore water falls 
below the critical supersaturation needed in order to precipitate calcite cement (Bjørkum and 
Walderhaug, 1990). Stratabound semi-continuous to continuous layers of calcite cement is 
common in marine sandstone where individual strata have slightly varying concentrations of 
unstable calcite minerals. 
Recrystallization of biogenic carbonate and precipitation of large amounts of calcite cement 
early in the burial diagenesis of the sandstone, is believed to have severely reduced the 
porewater circulation. The low quartz to feldspar ratio and the abundant amount of 
plagioclase in the samples might indicate that only minor leaching of unstable minerals 
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occurred in the profile during the diagenesis and recent surface weathering, but it might also 
more directly represent a source rock rich in feldspar (Nesbitt et al. 1996). The rate of 
dissolution of unstable minerals and the precipitation of authigenic cement is closely related 
to the rate of pore fluid movement through the rock volume (Boles and Franks, 1978, Morton 
and Hallsworth, 1999). 
Based on the petrographic relations, the sequence of diagenetic events and the alterations 
caused by recent surface weathering have been interpreted for facies association FA3. After 
deposition, initial mechanical compaction took place and large amounts of calcite cement was 
precipitated rather early during burial. The carbonate was sourced from the redistribution of 
contained biogenic carbonate. Following the calcite cementation transformation of detrital I/S 
have occurred in small cavities in the sparry calcite cement. During further burial, less soluble 
carbonate dissolved and reprecipitated as more stable poikilotopic low-Mg calcite. 
Comparing FA3 from locality WP286 with FA2 from locality M13-7, which both represent 
the Upper Mitole Member (Mitole Formation) shows that there are large differences in both 
the diagenetic sequence of events and also the alterations caused by recent surface 
weathering. Common for both associations is that they are shallow marine sandstones, and 
both profiles are slightly upward coarsening. FA3 is finer grained and more poorly sorted and 
has been interpreted to have been deposited in a more distal position. The associations also 
show a heavy influence of biogenic structures and fossils ghosts show that biogenic carbonate 
made up a large part of the framework. The sandstone of FA2 is poorly cemented and only 
contains small amounts of authigenic clay cement, and as a result has retained high primary 
porosity. Calcite has not been detected in any of the samples from FA2. FA3 contains large 
amounts of sparry and poikilotopic calcite cement almost completely occluding primary 
porosity. While both sandstones contain I/S, the clay contained in FA3 show very little 
authigenic morphology and has been interpreted to be detrital in origin. This is interpreted to 
be the result of restricted pore fluid movement through the rock volume following the 
extensive cementation. In the less cemented FA2, the clay has been interpreted to represent 
mechanical infiltration and later transformation and degeneration, and the clay minerals 
shows a mostly authigenic morphology. Kaolin and highly weathered feldspar, which is 
inferred to be related to leaching by meteoric water in connection with recent surface 
weathering, is only present in FA2. The association FA2 also shows more abundant Fe-oxides 
as pore filling cement. This is interpreted to be the result of meteoric water flushing and 
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dissolution of heavy minerals and the precipitation of Fe-oxides in oxidizing conditions in 
connection with recent surface weathering. 
FA3 from locality WP286 (Upper Mitole Member) show a more similar sequence of 
diagenetic events and alterations caused by recent surface weathering when compared to FA1 
from locality WP232 (Lower Mitole Member) (Fig. 1.3 and 1.4). The lithology observed from 
FA1 are dominated by siltstone interbedded by oolitic limestone and have been interpreted to 
have been deposited in the lower shoreface to the offshore transition. FA3 consists mainly of 
calcite cemented fine grained sandstone and have been interpreted to have been deposited in a 
lower shoreface depositional environment.  
The rock at both locations show large amounts of calcite cement severely reducing the 
primary porosity. High values of IGV in all samples show that the precipitation of calcite 
cement happened early during burial. At both locations fossils make up a large fraction of the 
framework grains and have been interpreted to represent the source of sparry calcite cement. 
The profiles representing FA1 and FA3 both have intervals of fine grained marine 
sedimentation and detrital clay minerals are present in both profiles. In FA1 the detrital clay 
minerals mostly consist of smectite, while I/S make up the detrital clay mineral of FA3. This 
observation is interpreted to represent the climate conditions during the deposition of the 
sequences. The inherited smectite observed in FA1 has been interpreted to represent land 
derived weathering products that are formed in dry and arid climate conditions. Inherited clay 
in FA3 consist of I/S and is believed to be of pedogenic origin and represent land derived 
material that have been subject to illitization by wetting and drying cycles in slightly more 
humid climate conditions. At both locations the feldspar grains are abundant and mostly show 
high grades of preservation. Low quartz to feldspar ratios in all samples show that the 
sediments are immature and the apparent high grade of preservation of the feldspar is believed 
to be caused by restricted pore-water circulation caused by the early precipitation of large 
amounts of sparry calcite cement in both sequences. FA1 show partial dissolution of calcite 
and Fe-oxides as grain coating and pore filling cement in the more permeable and less 
cemented intervals of the rock. This has been interpreted to represent meteoric water recharge 
and oxidizing conditions in connection with surface weathering. This is in contrast to FA3, 
which does not show such distinct alterations in connection with recent surface weathering. 
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5.4   Lateral changes across the Mandawa Basin 
Gundersveen (2014) has studied the Upper Mitole Member (Mitole Formation) on outcrops at 
the Ngoro location (Fig. 1.4) in the northern Mandawa Basin. These studies was conducted 
for the Mandawa Basin Project in the 2013 field season. The results from the field 
observations and following petrographic and mineralogical studies, form the basis for an 
assessment of the lateral changes across the Mandawa Basin, in depositional environment and 
digenetic history.  
  
5.4.1   Comparison and assessment of the lateral changes in the depositional environment 
The Mitole Formation has been determined to have been deposited between the 
Kimmeridgian and the Berriasian and has been interpreted to represent a period of regression 
where the coastline stepped eastwards, and at the same time the basin subsided at a higher rate 
and received increased amounts of clastics from paleo highs (Hudson 2011). Hudson (2011) 
describes the Upper Mitole Member sandstones as prograding fluvio deltaic sandstones 
deposited between the Tithonian and Berriasian. Facies associations FA2 from M13-7 , FA3 
from WP286 and the outcrop studied by Gundersveen (2014) at Ngoro, all represent 
sandstones of the Upper Mitole Member (Fig. 1.3 and 1.4). It is not known if the sandstones 
studied at these three locations were deposited contemporaneously. The sandstone sequences 
at all three locations are upwards coarsening and show deposition in progressively higher 
energy environments. FA1 from WP232 represents the Lower Mitole Member (Kimmeridgian 
- Tithonian) also shows a slight upwards coarsening, but more notably, a thickening of the 
coarse, interbedded oolitic limestone beds. 
Gundersveen (2014) has interpreted the Upper Mitole Member to represent channel deposits. 
The profile that has been observed is characterized by coarse, cross-bedded sandstone and 
tidal bundles with mud couplets. Gundersveen (2014) discusses that the primary sedimentary 
structures are associated with dominant tidal currents, the presence of mud couplets is 
characteristic of the sub-tidal zone, and the depositional environment has been interpreted to 
represent a sub-tidal channel. The section is generally upward coarsening from very fine to 
very coarse sand, and is upward thickening. The upward coarsening trend has been interpreted 
to represent a prograding tidal channel where an increase in the rate of sedimentary input and 
higher energy in the depositional environment caused upward coarsening and thickening of 
the sedimentary sequences.  
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Hudson (2011) has interpreted the sandstones of the Upper Mitole Member to represent 
prograding fluvial and deltaic sands during a regressional phase in the Mandawa Basin. This 
fits well with the interpretation conducted by Gundersveen (2014) on outcrops in the northern 
part of the Mandawa Basin, but is in great contrast to the sandstones that have been studied in 
the central and southern Mandawa Basin in this thesis. The limestone of FA1 and the 
sandstones of FA2 and FA3 have all been interpreted to have been deposited in shallow 
marine depositional environments. Primary depositional structures indicate deposition in a 
wave dominated environment and the observed macro- and microfossils indicate open marine 
conditions.   
The Mandawa Dome is a north south trending inversion structure located in the central part of 
the Mandawa Basin (Fig. 1.3). FA1 from WP232, FA2 from M13-7 and the observations of 
the Upper Mitole Member sandstones at WP252 are all located along the eastern flank of the 
Mandawa Dome (Fig. 1.3). Hudson (2011) discusses that the Mandawa Dome represents one 
of several inversion structures in the Mandawa Basin. When the Mandawa Dome is related to 
regional tectonics, it is likely to represent old events (Early Jurassic to Lower Cretaceous) and 
is believed to have been caused by transpression from regional shearing along the Davie 
Fracture Zone, or thermal doming resulting from crustal stretching (Hudson, 2011). The 
development of the Mandawa Dome structure as an inversion structure before the deposition 
of the Mitole Formation must be taken into account when assessing the paleogeography of the 
Mandawa Basin. As seafloor spreading took over, following the earlier rifting phases, during 
the Middle Jurassic, a passive margin developed along the coastal zones of Kenya and 
Tanzania, and the Tethyan transgression extended widely, creating marine conditions in the 
Mandawa Basin (Nicholas et al., 2007, Salman and Abdula, 1995). Paleogeographic 
reconstructions indicate a north south trending coastline through the Mandawa Basin 
(Hudson, 2011, Mpande, 1997). This fits well with sediment transport directions that have 
been measured during the field work for this thesis. The sandstones of FA2 that were 
observed at M13-7 is located on the eastern flank of the Mandawa Dome (Fig. 1.3 and 1.4) 
and represent sediments deposited in the shoreface in very close proximity to the strandline. 
FA3 studied at WP286 (Fig. 1.3 and 1.4) is located approximately 40 kilometers directly 
south of locality M13-7, and 20 kilometers south of the Mandawa Dome  represent sediments 
deposited in the lower shoreface in a more distal position relative to the strandline indicating 
that the coastline at the time of deposition was located further west in the basin. FA2 and FA3 
is still believed to have been deposited contemporaneously and that the Mandawa Dome 
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inversion structure, created localized shallow marine environments further east in the basin 
relative to the main coastline. The shallow marine conditions created by the inversion of the 
Mandawa Dome in the Middle Jurassic also fits well with the deposition of shallow marine, 
high energy and wave dominated oolitic limestone of the Lower Mitole Member observed at 
WP232 which is also located along the Mandawa Dome (Fig. 1.3 and 1.4). The sandstones 
observed by Gundersveen (2014) in the northern Mandawa Basin are tidal dominated, channel 
deposits and show little marine influence. The Ngoro locality is located 50 kilometres north 
and 30 kilometres west of the Mandawa Dome (Fig. 1.4). Since the sandstones at Ngoro are 
located approximately 30 kilometres further west in a landward position compared to M13-7 
and WP286, the depositional environment observed at that location is expected to represent a 
more terrestrially influenced depositional environment, as has been observed. 
Paleogeographically the sandstones at Ngoro can represent sedimentation contemporaneously 
with FA2 from M13-7 and FA3 from WP286, but can also represent sedimentation at a later 
stage relative to FA2 and FA3, following a basinward migration of the strandline.  
 
Figure 5.6: Palegeographic reconstruction based on the sandstones of the Upper Mitole Member 
(Mitole Formation) and the Mandawa Dome structure which formed in the Middle Jurassic. Mean low 
water (MLW), mean fair weather wave base (MFWB), mean storm wave base (MSWB). 
 
5.4.2   Comparison and assessment of the lateral changes in the diagenetic history 
Morad et al. (2010) discuss that diagenetic evolution of clastic successions are linked to the 
depositional facies, detrital grain composition, rate of deposition and burial and thermal 
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history of the basin. The depositional facies affect the depositional porosity and permeability, 
pore-water chemistry, type and amount of intrabasinal grains and the amount of bioturbation. 
Variations in the distribution of diagenetic alterations are often accentuated by depositional 
permeability and porosity (Morad et al. 2010).  
Gundersveen (2014) discusses that the sandstones studied at Ngoro only show weak to 
moderate compaction and mostly tangential and long grain-contacts. The sandstones also 
show high values of IGV and primary porosity. The sandstone of that study is reported to 
have been buried to a maximum depth of less than 1000 metres. Those observations are 
comparable to the observations made during this study. The sandstones studied in the central 
and southern parts of the Mandawa Basin in this thesis also show that very limited maximum 
depths have been reached during the burial history. This indicates that the burial and 
temperature history for all the Upper Mitole Member sandstones are comparable and therefore 
probably does not account for variations in diagenetic alterations. FA2 and FA3 studied in this 
study show a very similar mineral composition that might indicate that the sediments are 
derived from the same source rock. When these sandstones are compared to the mineral 
composition of the sandstones from Ngoro in the northern Mandawa Basin, the mineral 
compositions at the locations are very similar. The most notable difference is that the quartz 
to feldspar ratio is higher in the sediments at Ngoro. Gundersveen (2014) reports that the 
grain preservation of feldspar grains are moderately to highly weathered and that kaolin is 
introduced in the profile. This observation might indicate that the Ngoro profile has 
undergone recent surface weathering where unstable minerals are dissolved. The difference in 
quartz to feldspar ratio between the sandstone at Ngoro compared to FA2 could indicate that 
the Ngoro profile has undergone a more severe chemical weathering, but could also indicate a 
different source rock composition or the degree of chemical weathering of the source rock 
(Nesbitt et al. 1996). FA2 from M13-7 and the sandstones from Ngoro represent different 
depositional facies, but based on the similarities in burial and temperature history, detrital 
grain composition, and depositional and primary porosity a comparison of the sequence of 
diagentic alterations can be made.   
Gundersveen (2014) has summarized the results from petrographic and mineralogical studies 
to produce a generalized digenetic sequence for the Upper Mitole Member as observed in the 
northern Mandawa Basin at Ngoro. The sequence of early diagenetic events are summarised; 
(1) initial mechanical compaction; (2) pore filling detrital smectite; (3) regeneration of 
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mechanically infiltrated clay; (4) dissolution of feldspar; (5) authigenic kaolinite; (6) 
formation of minor pore filling Fe-oxides.  
If this sequence of diagenetic events is compared with the sandstone of FA2 from M13-7, 
more similarities than differences are found in the observations, but there are differences in 
the interpretation of the sequence of events. After deposition, the sandstone of the Upper 
Mitole is believed to have been mechanically infiltrated by clay minerals in both of the 
observed outcrops. The authigenic clay coating observed by Gundersveen (2014) consists of 
interstratified chlorite/smectite (C/S) and has been interpreted to have regenerated from 
infiltrated smectite. This observation is in contrast to the authigenic clay coats observed in this 
study where they consist of smectite and I/S and have been interpreted to represent a 
transformation and degeneration of mechanically infiltrated I/S derived from weathering 
profiles. Degeneration of the infiltrated clay minerals can be observed by the reduction in the 
amount of potassium present in the clay minerals with authigenic morphology. Gundersveen 
(2014) discusses that smectite mechanically infiltrated the profile at Ngoro after deposition 
and that the smectite regenerated to a mixed layer C/S during burial. The transformation of 
smectite into chlorite is a mesodiagenetic process and is not expected in the sandstones of the 
Upper Mitole Member that has never been subject to increased temperature ranges (Morad et 
al., 2010). Mixed-layer clay can have pedogenic, rather than diagenetic origin and can be 
found in rock that has never been subject to increased temperatures (Robinson and Wright, 
1986). A pedogenic origin for the C/S should therefore be considered. Gundersveen (2014) 
reports small amounts of authigenic kaolin in the Upper Mitole Member which has been 
interpreted to have formed as an early diagenetic process by meteoric water flow or as recent 
surface weathering. In this study, the precipitation of kaolin has been interpreted to represent 
recent surface weathering of the profile caused by meteoric water recharge. At both locations 
minor pore filling Fe-oxide have been observed as pore filling cement and grain coating. 
Oxidizing conditions at a late stage, in connection with surface weathering, is interpreted to 
have resulted in the precipitation of Fe-oxides at both locations and the Fe-oxides represent 
the last authigenic phase.     
 
5.5   Further studies 
Detailed paleo- and biostratigraphical information and the determination of the relative age of 
deposition for the sandstones and limestones of the Mtumbei, Mitole and Nalwehe Formations 
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would provide strong data when assessing the paleogeography of the Mandawa Basin from 
the Middle Jurassic to Lower Cretaceous. It would also provide strong data when assessing 
the relationship between tectonic events and the depositional history of the basin for this 
period. There is currently a scientific discussion, concerning the position of the Nalwehe and 
Mitole Formations in the Mandawa Basin stratigraphy. The Nalwehe and Mitole Formations 
are visually similar in field outcrops and the mineralogical composition of the two formations 
are close to identical (pers. com. Katrine Fossum). It is being discussed if the two formations 
might actually represent only one formation in the Mandawa Basin stratigraphy. Further 
studies of the Nalwehe Formation and an in depth comparison of the two formations should 
be conducted. Organic maturity data could provide information when assessing the maximum 
burial depth of the different formations of the Mandawa stratigraphy, but organic matter is 
sparse especially in the Upper Mitole Formation. 
 
5.6    Conclusion 
The Mitole Formation sediments, as observed in the central and southern Mandawa Basin, 
represent deposition in shallow marine environments. High values of IGV are observed in all 
profiles and high value of preserved porosity observed in the sandstones from FA2 at locality 
M13-7 indicate that the Mitole Formation has been buried to limited depths during its burial 
history. The most common grain contacts observed during petrographic studies are tangential, 
while some long contacts are also observed. Sutured contacts and pressure dissolution on 
grain contacts are not observed in the samples. The studied outcrops in the central and 
southern Mandawa Basin are believed to have been buried to less than 1000 meters during the 
burial history. 
During earlier studies, the Upper Mitole Member sandstones have been described as 
prograding fluvio deltaic sandstone sequences in the Mandawa Basin. This interpretation is in 
great contrast to the sandstones that have been studied in the central and southern Mandawa 
Basin. Both FA2 and FA3 have been interpreted to represent shallow marine depositional 
environments, where the observed fossils indicate open marine conditions. Paleogeographic 
reconstruction indicate that the sandstones representing the Upper Mitole Member could have 
been deposited contemporaneously, when tectonic inversion of the Mandawa Dome structure 
is taken into consideration.   
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The variation in the distribution of diagenetic alterations is highly influenced by the 
depositional facies and also the porosity and permeability during deposition and burial. The 
siltstone interbedded with oolitic limestone of FA1 from WP232 (Lower Mitole Member) and 
the silty sandstone of FA3 from WP286 (Upper Mitole Member) have both been interpreted 
to represent sediments deposited in the lower shoreface. While the two facies associations 
consists of different lithology, they show many similarities in the sequence of diagenetic 
alterations. Intrabasinal carbonate bioclasts make up part of the framework in both 
associations and have been interpreted to represent the source of sparry calcite cement. The 
precipitation of large amounts of early diagenetic calcite cements have severely influenced 
and reduced the porosity and permeability of both facies associations.  
The oolitic limestone and siltstone of FA1 (Lower Mitole Member) represent deposition in a 
shallow marine environment close to or slightly below the mean fairweather wave base in the 
lower part of the shoreface to the offshore transition. The profile is characterized by muddy 
silt deposited in low energy background conditions interbedded by storm-dominated 
deposition. Hummocky-cross stratification is the most prominent evidence for this 
interpretation. The distribution of the ooids in the profile show that they are allochtonous and 
have been re-deposited, but the high abundance of ooids observed in the profile indicate 
proximal deposition relative to the source of the resedimented carbonate.  
Several generations of carbonate cement have mostly occluded the primary porosity of FA1. 
Following limited mechanical compaction, sparry calcite cement has precipitated in the 
available porosity of the deposited sediments. The first generation of cement has been 
interpreted to be derived from redistribution by dissolution of unstable biogenic carbonate 
contained in the section (e.g. aragonite and high-Mg calcite). High values of IGV and high 
amounts of sparry calcite cement indicate that the cementation formed early in the burial 
history. Dissolution of slightly less soluble lime mud and precipitation of low-Mg microspar 
have been interpreted to represent the second generation of carbonate cement. Well-preserved 
grains and high amounts of unstable minerals (e.g. plagioclase) indicate that the calcite 
cement restricted the pore fluid flux through the rock volume and that only minor dissolution 
occurred during burial. Recent surface weathering and meteoric water movement through the 
profile resulted in partial dissolution of ooid cortices in the slightly more permeable intervals 
of the profile. In the same intervals of the section, abundant Fe-oxides have precipitated from 
the pore water during oxidizing conditions in connection with surface weathering.   
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The sandstone of FA2 (Upper Mitole Member) represent deposition in shallow marine 
environment in the high-energy foreshore. The profile is characterized by low-angle parallel 
laminated sandstone deposited in the upper flow regime in the foreshore.  
Following deposition of the sediments, I/S from weathering profiles is believed to have 
mechanically infiltrated the sandstone and during the burial diagenesis the clay minerals has 
undergone transformation and degeneration forming thin grain coats of mostly smectite. High 
pore water flux in connection with recent surface weathering resulted in the dissolution of 
feldspar and precipitation of Kaolin. Pore filling kaolin indicates that potassium and silica 
have been readily removed from the system during the clay neoformation by pore water 
circulation. Later dissolution of heavy minerals has provided Fe to the pore fluid and 
oxidizing conditions in connection with surface weathering have resulted in the precipitation 
of Fe-oxides as pore filling cement.           
The sandstones of FA3 (Upper Mitole Member) represents deposition in the lower shoreface 
depositional environment. The profile has a reduced influence of physical sedimentary 
structures and is dominated by biogenic structures. 
The sandstone is highly cemented by microspar, sparry and pokilotopic calcite cement. 
Redistribution of the abundant biogenic carbonate present in the sandstone is believed to 
represent the source of calcite cement. High values of IGV indicate that the calcite cement 
was formed early during the burial diagenesis. The morphologically different calcite cements 
are interpreted to represent several generations of dissolution and precipitation of more stable 
low-Mg calcite cement. The earliest generation has been interpreted to represent dissolution 
of the more soluble carbonate minerals (e.g. aragonite and high-Mg calcite) and the 
precipitation of microspar. During burial less soluble calcite has dissolved and precipitated as 
more stable pokilotopic carbonate cement. Well-preserved grains and high amounts of 
unstable minerals (e.g. plagioclase) indicate that the calcite cement restricted the pore fluid 
flux through the rock volume and that only minor dissolution occurred during burial. 
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Appendix C – Point counting cont. Grade of preservation for feldspar. 
 
 
 
 iv 
 
 
Appendix D – Petrographical notes. 
 
 
 
